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Chapter 1
General Introduction

Chapter 1
Global warming and crop productivity
Exposure of the plants to environmental stresses such as high salinity, extreme temperatures, drought, mineral 
toxicity and deficiency, excessive moisture, and environmental pollution often imposes constraints on plant 
growth, and markedly affects the geographic distribution, yield and product quality of the crops. Such stresses are 
becoming even more prevalent as consequence of the global warming due to the human activities that have 
progressively increased the greenhouse gas emission concentration into the atmosphere, especially during the 
last century. The recent projections of the Intergovernmental Panel on Climatic Changes suggest that global 
mean temperature will rise by 1-4°C at the end of this century. This increase in temperature and the subsequent 
changes in rainfall distributions are expected to have a far-reaching impact on the productivity of several crop 
species, and consequently on the world's food supply. The scenarios mentioned above emphasize the urgent 
need to implement appropriate countermeasures by producing crops that can cope better with global warming.
The response to high temperatures in plant is a complex adaptive, biochemical and physiological 
phenomenon that is triggered by a cascade of events, which starts with stress perception and ends with the 
expression of set of target genes. This phenomenon is strictly dependent on the interaction between 
developmental cues and environmental factors.
Although the cultivated tomato is widely adapted to grow in many variegated lands of the world, its growth and 
development is rather sensitive to the different forms of abiotic stresses, particularly to the high temperatures. All 
developmental stages of tomato plants are highly vulnerable to temperature changes, however developing 
anthers and pollen grains are more sensitive than vegetative organs. Such vulnerability is considered an 
important contributing factor for the failure of tomato plants to set fruits under high temperatures.
A deeper understanding of the molecular bases involved in the stress response to the high temperatures 
in flower development and plant reproduction will undoubtedly be a major step to improve a genetic trait such as 
thermo-tolerance and to devise more effective breeding strategies for high production of tomato fruit.
11
General Introduction
Heat s tress : a conse rved  response  from  bacte ria  to  e u ka ryo tic  o rg an ism s
All living organisms, including bacteria, fungi, plants and animals, are constantly exposed to rapid temperature 
changes that can cause acute or chronic stresses. A sudden increase of the temperature above the optimal 
physiological range is considered heat stress (hs), and usually interferes with normal cell homeostasis by 
producing changes in membrane fluidity and permeability, in protein folding and in the metabolic pathways which, 
if unchecked, can lead to cell death (Morimoto, 1998; Krishna, 2003; Kotak et al., 2007a; Guy et al., 2008). 
Therefore all living organisms and primarily the plants that are sessile have developed during evolution special 
adaptations essential for survival and development in a stressful surrounding environment, subjected to 
temporary and rapid temperature changes.
The hs response was discovered by the Italian developmental biologist Feruccio Ritossa working with the 
fruit-fly Drosophila melanogaster. After a fortuitous increase of the temperature of the incubator, he observed 
striking changes of the puffing patterns of the polytene chromosomes, i.e. gene activity, in the larval salivary 
glands of fruit-fly (Ritossa 1962). Subsequent investigations in bacteria and other eukaryotes have demonstrated 
that the hs response is a general phenomenon widely conserved. At the molecular level hs response is 
characterized by a dramatic change in the gene expression pattern and by the rapid activation of the heat shock 
transcription factors (Hsfs), leading to elevated synthesis of a family of stress-induced proteins called heat shock 
proteins (Tissieres et al., 1974; Nover et al., 1989; Wu, 1995). The heat shock proteins (Hsps) can assist protein 
folding and remove protein aggregations by re-establishing a new cellular homeostasis compatible with the 
unfavorable environment (Nover et al., 1989; Morimoto, 1998).
Heat s tress : m o rp h o lo g ica l sym p to m s and ana tom ica l changes on p la n t a rch itec tu re
As sessile organisms, plants are particularly sensitive to thermal insults, primarily when they grow in field 
conditions in warming periods. An increase in the temperatures above the physiological optimum is sensed by the 
plants as hs, and can cause several injuries at cellular or organismic level. These hs injuries are dependent on 
the intensity (temperature in degrees), duration and rate of temperature increase. At very high temperatures 
severe cellular injuries may occur within minutes, and even cause plant cell death due to catastrophic collapse of 
the cellular organization. At moderately high temperatures, cell injuries and death are mostly dependent on the 
long term exposure.
Typically, an excess of high temperatures causes several pre- and post-harvest damages such as 
sunburns on leaves, branches and stems, leaf senescence/ abscission, shoot and root growth inhibition, flower 
abortion and drop, fruit discoloration and damage, and reduced yield (Wahid et al., 2007). At the whole plant level 
there is a general tendency to reduce cell size, close the stomata and diminish water loss, while sub-cellular 
alterations in chloroplasts lead to a significant impairment in photosynthesis activities (Allakhverdiev et al., 2008).
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Heat s tress : m ale s te r ility  in re p ro d u c tive  o rgans  and decrease in f ru it  se t
In flowering plants, reproductive development is severely disturbed by environmental factors as high 
temperatures. Abnormalities in both male and female reproductive organs due to the hs have been described in 
several crop species such as bean, pepper, cowpea, tomato, rice and brassica, and consequently significant 
losses in productivity have been observed (Warrag & Hall 1984; Monterroso & Wien 1990; Peet et al., 1998; 
Erickson & Markhart, 2002).
During reproductive development, processes reported to be affected by hs include meiosis in both male and 
female organs, pollen germination and pollen tube growth, ovule viability, stigmatic and stylar positions, number 
of pollen grains retained by the stigma, fertilization and post-fertilization processes, formation of the endosperm 
and embryo development. However, within these processes, certain stages are more sensitive than others. A 
dramatic decrease to set fruit in crop plants as tomato has mainly been attributed to the impairment of pollen 
development occurring in anthers 8-13 d before anthesis (Peet et al., 1998; Sato et al., 2002).
Figure 1 shows an overview of the stages of male reproductive development taking place in anther before 
anthesis, and affected by temperature changes. The formation of pollen grains consists of two distinct sequential 
phases: microsporogenesis and microgametogenesis. During microsporogenesis, diploid pollen mother cells 
undergo meiotic division to produce tetrads of haploid microspores. This stage is completed when distinct 
unicellular microspores are released from the tetrads by the activity of a mixture of enzyme secreted by the 
tapetum, a nutritive stamen cell layer that lines the locules containing the microsporocytes (Scott et al., 2004). 
During microgametogenesis, the released microspores enlarge and a single large vacuole is produced (Owen 
and Makaroff, 1995; Yamamoto et al., 2003). This is accompanied by migration of the microspore nucleus to a 
peripheral position against the microspore wall. The microspores then undergo an asymmetric cell division known 
as Pollen Mitosis I (PMI).
, . . .  Polarised Early Late Mature
e ra icrospore Microspore Bicellular Bicellular Pollen
Cell Cell Ceils
Figure1: Overview of the male reproductive development in Arabidopsis. The diagram represents the distinct morphological 
stages of microsporogenesis and microgametogenesis taking places in anther. PMI: Pollen Mitosis I; PMII: Pollen Mitosis II. 
Partly adopted from Borg et al., (2009).
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The small germ cell, called the generative cell, is subsequently engulfed within the cytoplasm of the larger 
vegetative cell to create a novel cell-within a cell structure. Vegetative and germ cells have a distinct fate. The 
vegetative cell nurtures the germ cell and gives rise to the pollen tube following successful pollination. The germ 
cell continues through a further round of mitosis, called Pollen Mitosis II (PMII), to produce twin sperm cells. This 
process occurs in the pollen grains in species like Arabidopsis that shed tri-cellular pollen. In species as tomato, 
where pollen is shed in a bi-cellular state, PMII takes place in the pollen tube growing through the stylar tissues of 
the gynoecium to deliver the sperm cells to the embryo sac. During pollen maturation, the vegetative cell 
accumulates carbohydrate and/or lipid reserves along with transcripts and proteins that are required for rapid 
pollen tube growth (Pacini, 1996). Osmoprotectants, including disaccharides, proline and glycine-betaine, which 
are thought to protect vital membranes and proteins from damage during dehydration, are also accumulated 
(Schwacke et al., 1999). As mentioned above, all the developmental male reproductive phases from the 
microsporogenesis to pollen germination are affected by rapid temperature changes. In tomato, the hs sensitivity 
of male reproductive organs is observable after short episodes of high temperatures at 40°C and after exposure 
to 32°C/28°C (day-night), temperatures just few degrees above the optimal physiological growth range of 
26°C/22°C (day-night; Iwahori, 1966; Peet et al., 1997). Under moderately elevated temperatures striking 
morphological alterations are mostly found into the sporophytic anther tissues such as tapetum, epidermis, 
endothecium and stomium (Peet et al., 1998; Sato et al., 2000; Sato et al., 2002). Figure 2 shows some 
morphological alterations occurring in pollen grains and in the sporophytic tissues of the anther after prolonged 
exposure to hs of 36°C. The alterations observed in anther/developing pollen grains can drastically reduce the 
number of released pollen and pollen viability, and, consequently, significantly decrease the ability of tomato 
plants to set fruit.
Heat s tress  and to m a to  cu ltiva rs : d iffe rences  in  m e ta bo lic  and p h y s io lo g ica l pa thw ays
In the past, several studies were devoted to examine the differential sensitivity of tomato cultivars exposed to high 
temperatures, particularly at the stage of transition from flower to fruit. These investigations have provided a 
global view of the metabolic and physiological changes that may be associated to the high ability of tomato to set 
fruits under hs. Abdul-Baki & Stommel (1995) reported that under normal temperatures fruit set ranged from 41% 
to 84% and 45% to 91% in the heat sensitive and heat tolerant tomato genotypes, respectively. In contrast, under 
high temperatures no fruit set was observed in the majority of heat sensitive genotypes, while the heat tolerant 
lines maintained a fruit set percentage in the range of 45-65%. The stable fruit set of the heat tolerant lines has 
mainly been associated to a high ability to release vital pollen under unfavorable temperatures (Rudich et al., 
1977; Sato et al., 2002). The reason for this high performance is still poorly understood.
In developing anther/pollen grains imbalances in proline, polyamines and carbohydrate contents have 
been described under short/prolonged hs treatment of 32-36°C, and associated to the failure of tomato fruit set 
(Song et al., 2002; Pressman et al., 2002; Sato et al., 2006). At 38°C pollen germination and tube growth rates 
decrease considerably due to the reduction of spermidine and spermine contents (Song et al., 2002). A low pollen
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viability/germination is also caused by poor starch assimilation in developing pollen grains, and by low soluble 
sugar content at the stage of mature pollen (Pressman et al., 2002; Sato et al., 2006). Therefore, pronounced 
differences between contrasting cultivars may also be associated to the different ability to regulate these 
metabolic/physiological pathways. Indeed, Firon et al. (2006) demonstrated that heat tolerant tomato lines are 
highly able to maintain invariant the appropriate carbohydrate content in developing and mature pollen grains, 
even when exposed to prolonged regimes of high temperatures.
Figure 2: Temperature effects on tomato anther and pollen grains. Light microscopy pictures (A, B, C, D) and scanning 
electron microscopy pictures (E, F) show sections of anthers from young flower buds (A, B) and flowers at anthesis stage (C, 
D, E, F). Samples were harvested from plants grown under optimum range of temperatures 26°C\19°C (day\night) and after 
3 days of mild hs of 36°C\ 26°C (day\night). At the temperature of 26°C pollen grains, tapetum layer and sporophytic tissues 
of anther were normal (A, C, E). At temperature of 36°C, many pollen grains were collapsed, the anther wall at the locule 
side and the tapetum degenerated, residues of the tapetum cells are accumulated into anther locule (B, D, F). En, 
Endotecium: T, Tapetum, Msp, Microspore, PG, mature Pollen Grain, PS, Pollen Sac, C, Connective.
Light microscopy and scanning electron microscopy pictures were taken by Mieke Wolters-Arts.
15
G eneral Introduction
Heat s tress  and essen tia l m o lecu la r ad jus tm en ts  fo r  the rm o-to le ra nce  in p la n t ce ll
The immobility of the plants limits the range of the responses to environmental factors and places a strong 
emphasis on cellular and physiological mechanisms involved in the adaptation and protection. In response to hs, 
plants manifest different morphological adaptations, including short-term avoidance or acclimatization 
mechanisms involving leaf orientation, transpiration cooling, or alteration of membrane lipid compositions (Wahid 
et al., 2007). A common feature of the plant response is that an initial exposure to moderately elevated 
temperature provides resistance against a subsequent usual lethal dose of hs. This phenomenon is referred to as 
acquired thermo-tolerance (Senthil-Kumar et al., 2007). Even when plants grow in their natural distribution range, 
they may experience high temperatures or diurnal fluctuations that would be lethal in absence of this rapid 
acclimatization. Therefore, the acquisition of the thermo-tolerance may reflect a more general mechanism that 
contributes to the homeostasis of the metabolism on a daily basis (Hong et al., 2003).
At the molecular levels, hs response in plant cells is characterized by the rapid perception of the stress 
signal that triggers a cascade of downstream signaling events and transcriptional controls, which in turn activate 
stress responsive mechanisms to re-establish homeostasis and protect and repair damaged proteins and 
membranes (Kotak et al., 2007a). The accumulation of unfolding proteins occurs in specific cellular compartments 
such as the endoplasmatic reticulum (ER) and the cytosol where two specific protective mechanisms are induced, 
the UPR and CPR responses, respectively (Aparicio et al., 2005; Ron & Walter, 2007). Both responses involve 
the activation of specific chaperones as the Hsps which are transcriptionally induced by the Hsf genes (Morimoto 
et al., 1998). Hsf activation in plant cell is still not completely understood and two general models were developed 
to explain their induction in the hs response. In the first models the changes in protein homeostasis, due to the 
hs, disturbed the interaction between Hsp and inactive form Hsfs (Baniwal et al., 2004). The release of the Hsfs 
from the Hsp interaction allows them to trimerize by forming the activated transcriptional factor required for 
inducing hs target genes. In the second model, the changes in the membrane fluidity activate specific Ca+2 
permeabile channels and, in turn, Ca+2 influx in the cytoplasm results in the up-regulation of calcium dependent 
proteins such as CDPK, the calmodulin CaM and calmodulin binding protein kinase CBK (Vigh et al., 2007; Liu et 
al., 2008; Saidi et al., 2009). The specific calcium dependent kinase can phosphorilate the Hsf and induce its 
activation. The two models are not exclusive to one another, but both of them can induce the activation of the 
Hsfs, and at nuclear level lead to a rapid reprogramming in gene expression. This results in the production of 
antioxidants and compatible osmolytes for cell water balance and osmotic adjustments, protection against the 
reactive oxygen species (ROS) in the organells and elevated synthesis of Hsps (Miller & Mittler, 2006; Wahid et 
al., 2007; Kotak et al., 2007a).
A new transcriptional pathway, involved in the activation of hs genes, has been described more recently 
by Gao et al. 2008. A putative MTTF-bZIP28 protein (Membrane-Tethered Transcriptional Factor bZIP28) 
localized to the ER, is maintained in an inactive state by associating with the membrane under not hs conditions. 
Hs induces a signal that triggers the cleavage of the bZIP28, followed by its redistribution from the endoplasmic 
reticulum to the nucleus to activate the expression of hs genes (Gao et al., 2008). How this distinct mechanism is 
connected to the classical Hsf-dependent pathway is still poorly understood.
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The enormous amount of data generated in the last decades about hs response in plants has also provided 
additional evidences that hs signaling in plant cells is also dependent on the balances in the levels of 
phytohormones such as abiscisic acid (ABA), salicylic acid (SA) and ethylene (Larkindale & Huang, 2004; 
Lankindale et al., 2005). An overview of some signaling pathways and factors involved in the hs response is 
represented in Figure 3.
Figure 3: Overview of the multiple signaling pathways and factors activated in plants in the hs response system. The best 
characterized part of the network contains heat stress transcriptional factors (Hsfs) that regulate genes encoding heat shock 
protein (Hsps) which act as molecular chaperones. ABA, Abiscisic acid; SA, salicylic acid; MAPK, mitogen activated protein 
kinases; ROS, reactive oxygen species; HSE, heat shock element; HSP, heat shock protein; CDPK, calcium dependent 
protein kinase, CaM, calmodulin; CBK, calmodulin-binding protein kinase. MTTF-bZip28, membrane-tethered transcription 
factor-bZip28. Partly adopted from Wahid et al., (2007) and Kotak et al., (2007a).
H sf and Hsp: key co m p on en ts  in the  hs response  o f th e  ce ll
The primary role assigned to the Hsfs and Hsps in hs adaptive mechanisms is strikingly underlined by the high 
level of conservation of this molecular machinery from archaebacteria to mammals and plants.
Elevated levels of the Hsps are sufficient to protect cells from the cytotoxic conditions and to provide 
thermotolerance (Krishna, 2003, Baniwal et al., 2004; Prahlad & Morimoto, 2008). Hsps, as molecular 
chaperones, typically bind denatured proteins that persist upon hs, and these interactions protect them against 
misfolding, aggregation or premature clearance and enable the refolding and the restoration of native 
conformations (Nover et al., 1989; Bukau et al., 2006). The major Hsps synthesized by eukaryotes, including
17
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plants, belong to five conserved classes: Hsp 100, 90, 70, 60 and small Hsps in the range of 17-30 kDa (Kotak et 
al., 2007a). Among these classes, the small Hsps are characterized by the presence of the conserved a-crystallin 
domain in the protein structure, and are unusually abundant in plant cells and localized in several cellular 
compartments (Waters et al., 1996; Sun et al., 2002). The transcriptional control of the Hsps is mostly regulated 
under hs by the Hsfs that recognize and bind specific conserved palindromic motifs, the heat shock elements 
(HSE: 5'-nGAAnnTTCnnGAAn-3'), present into the promoters of the target genes (Bienz & Pelham, 1995).
Drosophila, S. cerevisiae, and C. elegans have only a single Hsf, which is essential for survival and 
growth even at normal temperature conditions (Morimoto, 1998; Pirkkala et al., 2001). In contrast, several Hsfs 
have been found in vertebrates and plants. The existence of multiple Hsfs suggests that different Hsfs mediate 
responses of various forms, dependent on environmental stimuli as well as developmental cues.
In Vertebrates, Hsf1, Hsf2, Hsf4 are ubiquitous, whereas Hsf3 has been characterized only in avian species. Hsf1 
and Hsf3 are activated by diverse forms of stress, while Hsf2 responds to developmental stimuli (Pirkkala et al., 
2001). In contrast to all other eukaryotes so far investigated, the family of the Hsfs in plants is highly complex, 
with 21 or more members, and includes hs-induced forms that might play a major part in the modulations of the 
transcription during long term hs response (von Koskull-Döring et al., 2007).
S tru c tu ra l and fu n c tio n a l ch a ra c te ris tics  o f th e  H sfs and ac tiva tio n  m echan im s
The important role of the Hsfs as regulators of hs response is reflected in the modular functional structures having 
signature domains highly conserved in all eukaryotes. The typical Hsf structure consists of a conserved DNA- 
binding domain (DBD), an oligomerization domain (HR-A/B), a flexible linker of variable length connecting them, a 
nuclear localization signal (NLS) and a C-terminal activation domain (AHA). In absence of stress, it was shown 
that in many living organisms such as mammal cells the DNA-binding domain and transcriptional activities of the 
Hsfs are inhibited and Hsfs are localized in the cytoplasm in a monomeric form (Figure 4; Prahlad & Morimoto, 
2009). The inactivation of the Hsfs seems mostly dependent on chaperone proteins and intra-molecular 
interactions. An increase in the level of unfolding proteins, triggered by hs, induces multistep activation pathways 
leading to the formation of trimers that further acquire transcriptional competence by post-translational 
modifications due to phosphorylation and sumolation (Cotto et al., 1997; Voellmy, 2004). Similar mechanisms are 
supposed to operate in plant cells for the activation of the constitutive Hsfs (Baniwal et al., 2004; Yamada & 
Nishimura, 2008). As mentioned above, the plant genome encodes an extraordinarily complex Hsf family, both in 
term of total number of genes (usually more than 20) as well as in term of the structurally and functional 
diversifications of the Hsfs (Baniwal et al., 2004, von Koskull-Doring et al., 2007). Based on differences in the 
flexible linker and in HR-A/B regions, the plant Hsfs have been divided in three classes, A, B and C (Figure 5A; 
Nover et al., 2001). The Class A comprises the largest group of the Hsfs containing an activation domain (AHA) 
that represents the contact site to interact with the components of the transcriptional machinery (Döring et al., 
2000). Class B and C Hsfs lack the AHA-domain. The phylogenetic tree, represented in Figure 5B, highlights the 
extraordinary complexity of plant Hsf family from three model species such as Arabidopsis thaliana, Solanum 
lycopersicum and Oryza sativa.
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Figure 4: Model for Hsf activation 
through unfolding proteins.
A multistep pathway is proposed for the 
activation of Hsf including the formation 
of trimers and the post-translation 
mechanisms. When exposed to stress, 
Hsf is activated through a monomer to 
trimer transition that enables it to 
translocate into the nucleus and to bind 
the heat shock elements (HSE) in the 
promoter region of the target genes, e.g. 
Hsps. The activation involves hyper­
phosphorylation of Hsfs at multiple sites 
within the regulators domains. 
Phosphorilation of Hsfs is also required 
for a subsequent addition of SUMO 
residues, which repress Hsf activity. The 
interactions between the activating and 
repressing modifications regulate Hsf 
functions.
+1 represents the transcriptional start 
site. Picture from Prahlad et al., (2008).
M u ltip lic ity  o f p la n t H sfs: red un da ncy  ve rsu s  d ive rs ifica tio n  o f fu n c tio n
Although the understanding of the complexity of the plant Hsf family is still very limited, functional diversification 
seems to be the main reason for the coexistence of more than 20 Hsfs in plants. This complexity is thought to 
allow a highly flexible and efficient response to rapid changes in environmental conditions that accompany the 
sessile lifestyle of plants. Using genome-wide transcriptome profiling in combination with the availability of 
knockout lines, researches on Arabidopsis have revealed a surprisingly diverse basal levels of the expression of 
the Hsfs during development as well as during abiotic/biotic stress responses (von Koskull-Döring et al., 2007). 
Furthermore, remarkable differences were noted in the Hsf function between Arabidopsis and tomato.
For tomato it was demonstrated that HsfA1a acts as master regulator of hs response. The suppression of 
HsfA1a strongly reduces the ability to tomato plants to survive to high temperatures (Mishra et al., 2002). In 
contrast with tomato, knockout of HsfA1a or HsfA1b or both together has no marked effects on the hs response 
and the long-term thermo-tolerance in Arabidopsis (Lohmann et al., 2004). HsfA2 has been the most extensively 
characterized Hsf of plants. In both Arabidopsis and tomato HsfA2 accumulates to fairly high levels following 
multiple cycles of hs and recovery (Port et al., 2004). Three major functional states of HsfA2 are distinguished: a 
soluble nuclear form, a soluble cytoplasmic form and a stored form (Scharf et al., 1998; Heerklotz et al., 2001, 
Port et al., 2004).
19
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A
B
Figure 5: Hsf family in plants. (A)Functional modules of HsfAl, HsfBI and HsfCI belonging to the classes A, B and C. Only 
a single member of each class is shown. The functional domains include: DBD, binding domain; HR-A/B, oligomerization 
domain; NLS, nuclear localization signal; AHA1 and AHA2 transcriptional activator domains; NES, nuclear export signal. (B) 
Phylogenetic tree of the Hsfs is based on the amino acid sequence comparison of the conserved N-terminal halves 
containing the DBD domains and HR-A/B regions. At, Arabidopsis (Arabidopsis thaliana); Le, tomato (Lycopersicon 
esculentum = Solanum lycopersicum) and Os, rice (Oryza sativa). Partly adopted from Nover et al., (2001) and and von 
Koskull-Döring et al., 2007.
After the plant has sensed hs, HsfA2 is accumulated in the nucleus of plant cells in the presence of HsfA1, and 
both Hsfs then form hetero-oligomeric complexes that markedly enhance the expression of hs genes (Chang­
Schaminet et al., 2009). In contrast, during ongoing hs conditions, a considerable quantity of HsfA2 is present in 
large cytoplasmic aggregates (the hs granules; Nover et al., 1998; Scharf et al., 1998). Ultimately, following the 
hs and during the recovery period, most of the HsfA2 is found in a soluble form in the cytoplasm. Port et al. 
(2004) demonstrated that Hsp17.4-CII acts as specific repressor of HsfA2 activity, suggesting that the recruitment 
of HsfA2 into hs granules depends on the formation of complexes with Hsp17.4-CII. HsfA2 contributes to maintain 
the cellular homeostasis under various environmental stress conditions by inducing the activation of target genes, 
such as Hsp and non-Hsp genes (Charng et al., 2006; Nishizawa et al., 2006; Schramm et al., 2006).
Functional studies on Hsfs, co-immunoprecipitation and yeast one-hybrid assays suggest that Hsf A-types can 
interact with each other, potentially forming specific hetero-oligomeric complexes (Scharf et al., 1998; Bharti et 
al., 2000). For example, HsfA3 of tomato was isolated from a hs cDNA library by two-hybrid screen using HsfA1a
20
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as bait (Bharti et al., 2000). However some A-type members as HsfA4b and HsfA5 differ from other members, as 
indeed HsfA4b interacts specifically with HsfA5 and the latter inhibits HsfA4b activity (Baniwal et al., 2007). A 
striking example of Hsf diversification is HsfA9, whose expression was exclusively detectable during the late 
stages of embryogenesis and seed development in Arabidopsis, in which its activation is strictly dependent on the 
abscisic acid insensitive locus3 (ABI3) signal cascade (Kotak et al., 2007b). The HsfA9 activation at these 
developmental stages has been associated with the transcriptional regulation of a specific subset of Hsp genes in 
coincidence with the dormancy and desiccation tolerance of the seeds.
In contrast to A-type Hsfs, a considerable number of Hsfs assigned to classes B and C have no evident 
functions as transcriptional activators due to the lack of AHA domain. The tomato HsfB1 is the only member of 
plant B type Hsfs that has been analyzed in detail. Bharti et al. 2004 showed that under hs the master regulator 
HsfA1 induces the expression of HsfB1 which joins the transcriptional complex with HsfA1 and, together, they 
provide the specific interface for the recruitment of a histone acetyl transferase CREB binding protein (CBP), the 
ortholog of the histone acetyl transferase HAC1. The ternary complex HsfA1, HsfB1, HAC1 can markedly 
enhance the transcription of target genes. One interesting aspect of HsfB1 activation is also the ability to maintain 
and/or to restore the expression of housekeeping genes during the ongoing of HS. Indeed, several housekeeping 
genes in plants contain a multiplicity of potential Hsf binding sites in up-stream promoter regions which can be 
recognized by HsfB1 (Bharti et al. 2004). It was suggested that under hs conditions HsfB1 can replace an 
unknown transcription factor, inactivated during HS response. By this mechanism, HsfB1 may help to maintain 
the transcription of defined housekeeping genes. In contrast with HsfB1 of tomato, the corresponding 
homologous gene of Arabidopsis does not show any co-activator function, but functions mostly as repressor of 
Hsf A-type activity (Czarnecka-Verner et al., 2004; Bharti et al., 2004).
Po llen and th e  H sf/ Hsp system
In absence of environmental stress stimuli, the synthesis of Hsps is restricted to certain stages of development of 
male reproductive organs. Hsps with low and high molecular weight are expressed during microsporogenesis, 
microgametogenesis and in mature pollen grains in various plant species (Honys &Twell, 2003; Volkov et al., 
2005; Sheoran et al., 2007).
Several isoforms of small Hsps are unusually abundant in developing pollen grains, and are mainly 
expressed during meiosis with high levels of mRNA detectable into the tetrads. In contrast with this 
developmental phase, the Hsps are absent in dry pollen and are minimally inducible during pollen germination 
(Waters et al., 1996; Volkov et al., 2005; Sheoran et al., 2007). It was suggested that the activation of Hsps 
expression during pollen development is more correlated to developmental programs than to the response under 
stressful environmental conditions. During pollen formation, Hsps may function as molecular chaperones for the 
folding/refolding of proteins involved in meiosis and tetrad formation (Bouchard, 1990; Atkinson et al., 1993; 
Reynolds, 1997). Few members of the large Hsf family in plants have been shown to be developmentally 
regulated and to induce the activation of Hsps, e.g. HsfA9 (Gagliardi et al., 1995; Honys & Twell, 2004; Kotak et 
al., 2007b). Developing pollen grains are very sensitive to the high temperature treatments even though they
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produce several types of Hsps during development. It was also suggested that the reduced thermo-tolerance of 
pollen may be partly attributable to the inability of pollen grains to provide a strong hs response and, 
consequently, to produce large quantities of Hsps as compared to vegetative tissues (Mascarenhas & Crone, 
1996). This inability is poorly understood, and has been partly associated to the low or missing expression of Hsf 
genes. More recently, Yang et al., (2009) have identified that the TMS1 gene, encoding for an Hsp40, is required 
for thermotolerance in growing pollen tubes in Arabidopsis. Such finding suggests that plants should have 
acquired during evolution special adaptations that allow the developing/germinating pollen grains to survive and, 
thereby, to complete pollination and the fertilization processes even though high temperatures occur.
S cope o f th is  th es is
The research presented here was undertaken to gain more insight into the molecular mechanisms involved in the 
response to a prolonged hs treatment of 36°C during flowering in tomato, which can have an effect on fruit set.
A first overview of transcriptome adjustments occurring during flowering at high temperatures of 36°C was 
obtained by microarray approach and by screening two lines, a heat tolerant and a heat sensitive. Two prominent 
members of the hs response system, HsfA2 and Hsp17.4-CII, were identified and putatively associated with the 
thermo-tolerance during flowering and, thereby, during fruit set (Chapter 2).
To dissect more the function of HsfA2 and Hsp17.4-CII, a comprehensive expression analysis was further 
performed in developing anthers/pollen grains from the heat tolerant line, exposed to short/prolonged hs 
conditions of 36°C (Chapter 3).
The further characterization of HsfA2 and Hsp17.4-CII in male reproductive organs of the heat sensitive line 
showed that these genes are expressed in a similar manner in this cultivar as in the heat tolerant one and, 
therefore, the reduced fruit set should be ascribed to other molecular/physiological problems (Chapter 4). A more 
detailed characterization of expression modulation was performed for all components belonging to the Hsf family 
of tomato which may contribute to the regulation of Hsps in anther/pollen grains, (Chapter 5). The results of the 
research are discussed in the Summary and Concluding Remarks (Chapter6).
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Abstract
Temperatures above the physiological ranges decrease tomato fruit set, primarily for the adverse effects on 
flower development. Transcriptional changes, occurring in tomato flowers subjected to a prolonged mild heat 
stress (hs) of 36°C/25°C (day/night), were monitored in two tomato lines differing for high temperature sensitivity 
during fruit set, using theTOM1 cDNA microarray. In response to hs, changes in gene expression occurred in 
developing flowers, and 95 and 88 genes were found as genes differentially modulated in the heat tolerant (cv 
Saladette) and in the sensitive (cv Pull) tomato lines, respectively. Furthermore, genotype specific changes were 
detected for 90 genes between young floral buds and flowers at anthesis stage. The transcriptional differences of 
genes involved in the hs response and in the abiotic stress response, were further confirmed using real time 
quantitative PCR (qRT-PCR). Such genes are Hsp17.4-CII and HsfA2, two components of the hs response 
system, AgpS1, Acid beta-fructofuranosidase and DAPH2 synthetase, involved in the carbohydrate and shikimate 
metabolism, WRKY6 and PPI3A4, related to abiotic/biotic stress response. Collectively the present analysis 
provides an overview of gene networks involved in the hs response in tomato flowers as well as new insights 
about transcriptional changes associated to the different ability to set tomato fruits at high temperatures.
Introduction
In many agronomic plant species flower development is particularly sensitive to high temperatures and this 
sensitivity is often reflected in fruit yield losses. In tomato, the impairment of flower development is observable 
after short episodes of high temperatures at 40-45°C, and after exposure to prolonged mild hs conditions, with 
high temperatures just few degrees above the optimal physiological ranges of 26-28°C (Iwahori, 1966; Sato et al., 
2000). The tomato fruit set decreases under hs have been attributed to several factors, such as reduced flower 
production, stigma and stylar exsertion, reduced photosynthesis and a reduced rate of assimilate translocation 
(ElAhmadi & Stevens, 1979; Bar-Tzur et al., 1985; Dinar and Rudich, 1985).
However, a marked decrease of tomato fruit set under hs has been mainly associated to the negative 
interferences with the flower developmental programs occurring 7-15 days before anthesis (Peet et al., 1998, 
Sato et al., 2002). During this flowering period Sato et al. (2006) observed that hs abnormalities are present into 
the sporophytic tissues of the anther such as tapetum, stomium and endothecium. These alterations can severely 
affect sugar metabolism, proline translocation and, in turn, markedly reduce pollen release/germination 
(Pressman et al., 2002; Sato et al., 2006). Although the hs alterations in floral organs have been observed in 
various tomato cultivars, the heat tolerant lines are poorly affected, and maintain a higher ability to release vital 
pollen grains as compared to the heat sensitive ones, even when exposed to prolonged hs treatments (Adbul- 
Baki & Stommel, 1995; Sato et al., 2000).
Solanum lycopersicum cv Saladette has almost normal fruit set at high temperatures, and exhibits only 
slight floral alterations when it is exposed to high temperatures (Rudick et al., 1977). The use of this cultivar in 
gene expression analyses may therefore facilitate the identification of key genes, associated to the hs system of 
developing flowers, and most likely involved in thermotolerance during fruit set.
29
Differentially expressed genes between heat tolerant and heat sensitive tomato lines during flower development under heat stress
Acquired tolerance to high temperatures is a complex polymorphic trait that in plants depends on many attributes 
(Wahid et al., 2007). The induction of the classical Hsps through the Hsf network is an important regulatory 
mechanism that contributes to protect plant tissues (Kotak et al., 2007). However, the acquisition of 
thermotolerance in plants is also provided by complex molecular adjustments affecting multiple signaling and 
biochemical pathways, such as those involved in the oxidative and hormone metabolisms, in photosynthesis, or in 
the production of elevated levels of osmoprotectants (Wahid et al., 2007; Allakverdiev et al., 2008; Guy et al., 
2008). Such complexity of the hs response is also shown by different studies in which high-throughput screening 
techniques, as the microarray approach, have been used (Larkindale & Vierling, 2008; Qin et al., 2008).
Tomato has long served as the model system for examining climateric fruit ripening, resulting in the 
accumulation of many resources including an extensive germoplasm collection, numerous mutants, a dense 
molecular map, a comprehensive EST dataset, and the availability of cDNA and oligo microarrays 
(http://www.sgn.cornell.edu/; Alba et al., 2004; 2005). Furthermore, the sequence of the total genome was 
provided more recently (http://solgenomics.net/). The use of these resources facilitates researches investigating 
the complex processes such as those connected with the mechanisms of thermotolerance during fruit set.
Few analyses have been performed to investigate the response of tomato plants to high temperatures during the 
developmental programs of flower organs or at specific reproductive stages, critical for the proper tomato fruit set. 
Frank et al. (2009) recently monitored the hs expression changes occurring in maturing tomato microspores from 
two contrasting lines, exposed to the high temperature of 45°C. The genome-wide expression profiles of mature 
microspores indicated that classical genes of the hs response system as well as pollen specific genes are 
recruited for coping with a short hs of 45°C. However, genes responding to longer periods of mild hs are still 
scarcely investigated in tomato and, in particular, in developing flowers and pollen grains. The identification of 
these genes may be crucial for understanding tomato performance under field conditions and, consequently, for 
improving tomato fruit set under adverse temperatures.
In the present study, the transcriptome modulations of developing flowers of tomato were investigated in 
the heat tolerant line Solanum lycopersicum cv Saladette, exposed to repeated cycles of daily mild hs at 
36°C\25°C (day\night). Concomitantly, the transcriptional changes were also monitored in a heat sensitive tomato 
line, Solanum lycopersicum cv Pull. The results of this study, in which the TOM1 cDNA microarray was used in 
combination with qRT-PCR, provide some insights about gene networks responding to a mild hs in tomato 
flowers and suggest that quantitative stage specific transcriptional changes may be important contributing factors 
for high fruit set ability at 36°C.
Materials and methods
F ru it se t ab ility , po llen  v ita lity , p la n t g ro w th  and heat s tress  trea tm en t
Different genotypes of tomato (Solanum lycopersicum=Lycopersicon esculentum) were screened for fruit set 
ability under high temperatures during the summer periods of year 2003 and 2004. The heat sensitive (Perfect
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Peel, Early Peel, NC-SH1, Campbell 28, Floradade, Pull) and heat tolerant lines (Hot Set, Malinka 101, 
Nagcarlan, Saladette) were grown in plastic tunnels in Naples (Italy). For each genotype the total fruit set was 
defined as the average of the total number fruit\inflorescence and a total of 180 inflorescences were examined. 
The percentage of fruit set of each genotype was calculated for three weeks in which plants were exposed to high 
temperatures in the ranges of 43-45°C. The cv Saladette and cv Pull were selected as heat tolerant and heat 
sensitive lines, respectively. For the experiments conducted under controlled temperature conditions in 
greenhouse, plants from both genotypes were places in two different greenhouse rooms and were preliminarily 
grown for one month at the temperatures CT: 26°C/20°C (day/night) and under natural illumination (day 
lenght~13-15 h). The plants designated for the hs treatment were then subjected to HS: 36°C/25°C (day/night) 
under natural illumination. These growth conditions were kept for a total period of three months (June-August) in 
which developing flower buds 4, 6, 8 and 10 mm long were harvested continuously from both genotypes. The 
flower buds of 4, 6, 8 and 10 mm in length correspond to the morphological stages described by Brukhin et al. 
(2003). Dry pollen grains at CT and HS conditions were harvested from flowers at anthesis by mechanical 
vibration, and incubate with 2% acetic-carmine solution for testing pollen vitality.
R N A iso la tio n  and expe rim en ta l design
Total RNA from developing flowers was extracted by using hot phenol method similar to that described by Chang 
et al. (1993). In order to identify genes involved in the HS response in tomato flowers, a reference design was 
used in the microarray experiment as described by Alba et al. (2004). For the first sets of microarray analyses, 
total RNA was isolated from 4, 6, 8 and 10 mm long flower buds, and then pooled. The transcriptional analyses 
were carried out by using the pooled RNA samples from HS plants as test and those from Ct plants as reference. 
To assess the reproducibility of the changes in the transcripts, the experiments were repeated three times with 
independent slides using the same biological samples. In addition, the dye-swap was used as technical replicate 
to avoid the bias associated to the use of the two different fluorochromes. In the second set of microarray 
experiments, transcripts activated or repressed in response to HS conditions were identified at the stage of 4 mm 
and 10 mm long bud using a reference design. For each stage, the RNA from HS flower buds was compared to 
the CT ones. A total of three biological replicas was carried out, and for each replica dye-swap was used as 
technical replicate. Both sets of microarray experiments were separately performed for the heat tolerant and heat 
sensitive genotypes, respectively.
M ic roarray  expe rim en ts  and data ana lyses
The TOM1 cDNA microarray was purchased from the Center for Gene Expression at the Boyce Thompson 
Institute (http://bti.cornell.edu/CGEP/CGEP.htmi). The array contains 13400 printed elements and ~8700 
unigenes (Alba et al., 2004). cDNA synthesis and labeling were prepared via the Super-Script™ Indirect cDNA 
Labeling System Kit (Invitrogen) using 15 |jg of total RNA according to the manufacturer's instruction and some 
modifications introduced by Alba et al. (2004). Hybridizations, slide washes and scanning were conducted as 
described in web site http://ted.bti.cornell.edu/array/interface/protocol/protocol.html.
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Fluorescence data were processed using ImaGene software (version 4.2; BioDiscovery). Low-quality data were 
identified via five steps as described by Alba et al. 2005. Signal means were determined without background 
correction (Rocke & Durbin, 2001). GeneSpring (version 6.2; Silicon-Genetics) was used to generate ratios (HS 
vs CT) and to normalize the data with the print-tip Lowess normalization (Yang et al., 2002). Expression ratios 
(HS vs Ct) from the technical replicates were averaged and used to identify up- and down-regulated genes in 
response to heat stress in developing flowers. Genes with expression ratio >1.4 and with the calculated 
coefficient of variation (CV) < 0.4 were regarded as up-regulated genes, while down-regulated gene had an 
expression ratio <0.75 and CV< 0.4. To identify genes differentially regulated in response to hs between young 
buds and flower at anthesis, Anova analysis-two way was performed on complete microarray data set from 4 mm 
and 10 mm long buds of Saladette and Pull, respectively. GeneSpring was used to conduct Anova analysis by 
using parametric test and variances assumed equal to P<0.05. The expression profiles were clustered using a 
self-organizing tree algorithm (Herrero et al., 2001).
Real tim e  q u a n tita tive  PCR
Total RNA for qRT-PCR analysis was isolated from flower buds by using the above described method. For 
reverse transcription, 0.5 jg  of total RNA from each sample was incubated with RNase-free DNase (Invitrogen), 
and reverse transcribed with 200 units of SuperScript II (Invitrogen) using 1pl oligo dT primer (0.5 pg/pl) 
according to the manufacturer's instructions (Invitrogen). PCR analyses were carried out in 25 j l  volumes 
containing 0.125 j l  of cDNA synthesis reaction mixture, 400 nM of each primer and 12.5 j l  of Platinium SYBER 
Green qPCR Supermix (Invitrogen). The PCRs were performed in a 96-well thermocycler (ABI Prism 7000, 
Perkin-Elmer) using a controlled temperature program starting with 2 min at 50°C and 10 min at 95°C followed by 
40 cycles at 95°C for 15 s and at 58 °C for 1 min. Melting curve analysis was performed after PCR to evaluate 
the presence of non-specific PCR products and the primer dimers.
The sets of primers were designed using Primer Express ® Software v2.0 (version 2.0, ABI Prism 7000, Perkin- 
Elmer) and were reported in the following list:
HsfA2 (SGN-U227428): Forw: 5’-CTCTTGTGTTCCCCTGGCC-'3, Rev: 5,-GCGACCATAACTCTATCCTTCCC-3;
Hsp17.4 CII (SGN-U216468): Forw: 5'-GTTCGTGATGCTAAGGCAATGG-3'; Rev: 5'-TCTCCAGATTTCAACCCTGGC-3'; 
PPI3A4 (SGN-U213020): Forw: 5'-TGGAGGCAAAGTTTGCTCACA-3; 5'-GCACCGAGAGTCGGATTCAA-3',
WRKY6 (SGN-U215688): Forw: 5'-CTTCAACGATGCCATCCTCG-3', 5'-GGTACCATTGTTTGGTTGCCC-3'; Acid Beta- 
fructofuranidase (SGN-U212902): Forw: 5'-GGAAGAACAGTCATAACATCGCG-3', Rev:5'- GAGGCAGTAACGCTAGCCCC- 
3';DAHP2 synthetase (SGN-U225512): Forw:5'-CTCTTGTGTTCCCCTGGCC-3', Rev:5'-GCGACCATAACTCTATCCTTCCC- 
3'; AgpS1 (SGN-U225539): Forw: 5'-CACCCAACCTCGATATTTGCC-3', 5'-TCTGATATGCATGATCTGAGCCC-3'; 
a-tubulin (TC115716): Forw: 5'-TGCTGTCTCATGTTCCGTGG-3', Rev: 5'-GGACACCAGTCAACGAATTGG-3'.
The fold increase (HS vs Ct) of the selected genes was calculated according to ABI Prism 7000 outlined 
methodology, and using the methods 2-MCt and the CT sample was used as control with expression set to 1 
(Bustin et al., 2002). The gene a-tubulin was used as reference gene to normalize the data. All reactions were
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performed on two independently collected series of RNA samples and using three technical replicas for each 
point.
Results
F ru it se t u nde r heat s tress
A significant decrease of fruit set ability was observed at the temperatures of 42-45°C for ten tomato lines, grown 
in plastic tunnels, except for the genotype Saladette which maintained a significantly high percentage, more than 
30%, as compared to the other lines (Figure 1A). This cultivar was therefore selected as heat tolerant genotype, 
while the cultivar Pull was chosen as heat sensitive line. The two tomato lines were then treated with repeated 
cycles of daily mild heat stress and recovery period (HS: 36°C/25°C day/night), or kept under control conditions 
(CT: 26°C/20°C day/night) in growth chambers. Similarly to the field conditions, the high temperature of 36°C in 
the growth chambers induced a stronger decrease of the fruit set ability in Pull than in Saladette (data not shown), 
most likely due to the negative effects on pollen vitality (Figure 1B).
Figure 1: Effect of high temperatures on 
fruit set ability and pollen vitality in tomato.
(A) Fruit set ability of heat tolerant and heat 
sensitive tomato lines after exposure to the 
high temperatures of 42-45°C in plastic 
tunnels.
(B) Pollen vitality was measured by counting 
number of viable pollen grains after staining 
with a 2% acetic-carmine solution. Error 
bars indicate the standard error from two 
biological replicas.
CT: 26°C/20°C (day/night); HS: 36°C/25°C 
(day/night).
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T ra n sc rip tom e  p ro filin g  d u rin g  flo w e rin g  under m ild  HS co n d itio n s
To identify genes involved in the HS in tomato flowers, transcriptional changes were monitored in Saladette and 
Pull by using TOM1 cDNA microarray, containing ~ 8500 unigenes from the tomato genome (Alba et al., 2004). 
Flower buds at different stages were harvested from Saladette and Pull plants, treated at CT or HS conditions 
(Figure 2A), containing female/male reproductive organs at different phases of development (Brukhin et al., 
2003). The transcriptional changes were monitored in the HS flower tissues versus CT and the labeled targets 
were made by using the pools of total RNA from the four tomato flower stages shown in Figure 2A.
As represented in the Venn diagram of Figure 2B, a total of 95 and 88 genes were detected as genes 
differentially expressed in response to HS in developing flowers of Saladette and Pull, respectively. The lists of 
the up- and down-regulated genes are reported in the Table 1-4 in the Chapter Appendix, while the functional 
categories are presented in Figure 3. A large proportion of the up-regulated transcripts, corresponding to 12.5% 
for Saladette and 14.5% for Pull, consisted of genes that were previously shown to be involved in the hs/defense 
mechanisms, including Hsps and genes involved in the oxidative stress response.
Figure 2: Transcriptome changes in developing flowers after a prolonged mild HS treatment of 36°C. (A) Flower buds of 4, 
6, 8 and 10 mm in length harvested from Saladette and Pull plants. (B) Venn Diagram represents the numbers of up- and 
down-regulated genes in response to HS in developing flowers from the heat tolerant Saladette and heat sensitive Pull. 
Microarray analyses were conducted by comparing the pooled RNA from the flower buds shown in (A) under HS (36°C/25°C 
day/night) with those of flowers at CT (26°C/20°C day/night). The Venn diagram also reported the number of genes similarly 
regulated in the two tomato lines.
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Figure 3: Functional categories of up- and down-regulated genes in developing flowers of Saladette and Pull after HS 
treatment. Large numbers of transcripts, affected by HS, belonged to the stress response system, protein degradation and 
unknown categories.
Other differentially expressed genes encoded for proteins involved in the degradation, signal transduction, 
transcriptional factors, primary or secondary metabolism. The Venn diagram of the Figure 2B indicated that a total 
of 19 up- and 13 down-regulated genes were similarly expressed in the two contrasting lines. Among them, genes 
encoding for Hsp101, Hsp17.4-CII, chloroplastic shsp CI, peptidylprolyl isomerase, proteinase inhibitor I and II, 
phosphatates, and the miraculin proteins were strongly induced in HS tissues as compared to those of the CT 
ones. In contrast with these genes, transcripts of genes strictly related to the reproductive processes such as 
Lat59, Ntm19, 108 gene, Qrt3, were mostly repressed in response to mild HS of 36°C. The most significant 
differences between Saladette and Pull were mainly observed for genes annotated with unknown function.
T ra n sc rip tio n a l s tage sp e c ific  changes in response  to  m ild  HS
To identify genes that may be relevant for the differences in tolerance to high temperatures of 36°C, 
transcriptome changes were also examined using the TOM1 cDNA microarray in 4 mm and 10 mm long flower 
buds of Saladette and Pull. These stages were chosen because micro\macro-sporogenesis is occurring (4 mm) 
and pollination\fertilization is taking place (10 mm). By using Anova analysis-two way (parametric test and
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variances assumed equal to P<0.05), 90 genes of Saladette and Pull showed significant transcriptional changes 
in response to the mild HS between these two developmental stages. Figure 4 shows an overview of the co­
regulated genes. The HS expression changes were mostly highly coordinated and dependent on the stage of the 
flower development. According to these gene expression pattern profiles, the co-regulated genes of the two 
tomato lines were classified in different groups. Figure 5 represents the details of sub-cluster A-E and the 
annotated functions of the included genes.
Group A contained the genes that were up-regulated in both lines at all flower stages, and included 2 
unknown genes and the gene encoding for the small Hsp17.4-CII. Group B consisted of 14 genes were highly 
induced in 4 mm long bud, and then decreased their expression level at anthesis. Of these, 9 genes encoded for 
proteins with assigned functions such as a glycolipid transfer, a metacaspase 1, an expansin, a cyclin-dependent 
kinase inhibitor, a putative HD-zip, a phosphate translocator-related transporter, a putative disease EDS1-like 
protein, a zinc finger and an AtPP2-A13 carbohydrate binding protein.
Group C contained 4 genes that increased their expression levels during flower development. These modulations 
were detected in both tomato lines. Among them, 3 encoded for proteins with assigned function such as 
elongation factor 1 alpha, S-adenosyl-L-methionine salicylic acid carboxyl methyltransferase and a peroxidase. 
Group D consisted of 7 genes that exhibited marked differences in the transcriptional modulations between Pull 
and Saladette at least at one stage of the flower development. Interestingly some genes, included in this group, 
were slightly more induced in 4 mm long buds of Saladette than in those of Pull. These genes encoded for HsfA2, 
the stress universal USP protein and an ethylene responsive transcription factor EREBP-4.
Group E contained 16 genes that decreased the expression level from 4 mm long buds to those of 10 mm. These 
genes shared similar transcriptional regulations with the genes included in the group B, but in contrast with those 
they were only slightly induced under HS at the pre-anthesis stage.
Figure 6 shows the sub-cluster Group F containing 45 genes that were more HS induction at anthesis as 
compared to the 4 mm long buds in both lines. These genes encoded for proteins related to photosynthesis, for 
two forms of proteinase inhibitors including PPI3A4, a putative sodium/dicarbonic acids cotransporter, the 
transcriptional factor WRKY6, two enzymes involved in primary/secondary metabolisms such as DAHP2 
synthetase (phospho-2-dehydro-3-deoxyheptonate aldolase) and AgpS1 (small subunit of the ADP glucose 
pyrophosphorilase enzyme). Additionally, genes encoding for a putative protein kinase, a cytochrome P450, a 
peroxidase and an ERD15 dehydration-induced protein were significantly more induced in 10 mm long buds than 
in those of 4 mm long.
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Figure 4: Overview of expression changes and gene cluster groups which were differentially expressed in response to HS 
in 4 and 10 mm long flower buds in Saladette and Pull. Cluster analysis was performed by using hierarchical clustering on 
complete data set from two-way Anova Analyses.
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Flower Stage 
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D
SGN-U225173: Unknown  
SGN-U213905: Unknown 
SGN-U216468: Hsp17.4-CU
~\ SG N -U214784:G lycolipid transfer prote in-like  
'  SGN-U228474: Unknown  
SGN-U221836: Z inc finge r pro te in  
SGN-U221575:Phosphate translocator-re lated transporter 
SGN-U220257: Putative d isease EDS1-like prote in  
SGN-U235114: Unknown  
SGN-U224395: Unknown  
SGN-U214021 Putative H D-zip  prote in  
SGN-U213699:Unknown  
SGN- U227040:Unkno wn 
SGN-U213725:Expansin p recursor 
SGN-U219493: AtPP2-A 13 carbohydrate b ind ing prote in  
SGN-U218602: Metacaspase 1 
SGN-U217044: Cyclin-dependent kinase inhib ito r
SGN-U215638: S -adenosyl-L-m ethionine:salicylic ac id  carboxy l methyltransferase
SGN-U212840: E longation facto r 1 alpha
S G N -U215655: Tuberisation-related prote in
SGN-U219659: Peroxidase
S G N -U212902: A c id  beta-fructofuranosidase
SGN-U227428: HsfA2
SG N -U215685; Unknown
SGN-U212842: phytoene synthase
SGN-U213169: R ibosom al pro te in  L17
SGN-U213773: universa l stress p ro te in  (USP) fam ily prote in
SG N -U219120: transcription fac to r EREBP-4
SGN-U224813: Putative methylcrotonyl-CoA carboxylase beta chain p recursor
SGN-U217924: NPSN13
SGN-U212597: HDC Histid ine decarboxylase
SGN-U218863: Putative thaum atin-like prote in
SG N -U226906: E thylene receptor, ETR1
S G N-U215673: Auxin-independent growth promoter, a x il
SGN-U217420: A spartic pro te inase 2
SGN-U224698:Pentatricopeptide (PPR) repeat-containing prote in  
SGN-U230033: G lutamate dehydrogenase A 
SG N -U215291: Unknown  
SG N -U221667: Unknown
SGN-U218684: Putative m itochondria l carrie r pro te in  
SG N -U214033: P -type H+-ATPase  
S G N -U232217: Ntp805
SGN-U215092: Ubiquitin-conjugating enzym e E2, UBC9 
SGN-U213659: Transcription factor, MADS-box, agamous-like, POTM1-1
Figure 5: Details of group A, B, C, D and E from the cluster analysis containing SGN number and putative annotation of 
each gene.
The reliability of gene expression patterns, identified by microarray analyses, was further examined by qRT-PCR 
(Table 5 in the Chapter Appendix). Genes for qRT-PCR experiments were initially selected from the lists of genes 
that significantly changed their expression in response to HS in developing flowers of Saladette and Pull. Table 5 
shows the fold increase (HS vs CT) for DAHP2 synthetase, AgpS1, Acid beta-fructofuranosidase, PPI3A4, 
WRKY6 genes in flower bud 4 mm and 10 mm long from Pull and Saladette. The results were in agreement with 
the corresponding data from the microarray data set. Using qRT-PCR approach, the mRNA levels of HsfA2 and 
Hsp17.4-CII were also investigated in more details in the developing flowers of Saladette and Pull. Microarray 
data indicated differences between the transcriptional modulations of these genes in the two cultivars (Figure 7A). 
Correspondingly, differences in mRNA levels were detected for both genes in the flower buds of Saladette and 
Pull, at CT and HS conditions (Figure 7B and C).
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SGN -U215885: Putative inos ito l po lyphosphate 5-phosphatase  
SG N -U227870: Puta tive  PTS p rote in
SGN -U225515: G lycera ldehyde-3-phosphate dehydrogenase (NADP+), ch lorop last
SGN -U222213: Auxin-regu la ted  pro te in
SGN -U212938: C h lorophyll a /b b ind ing p ro te in  1D, LH C II type I
SG N -U217432: A liene  oxide cyclase
SG N -U213031: Plastocyanin, ch lorop last p recurso r
SGN -U218369: Probable  pro te in  kinase
SG N -U224652: SDATr cotransport o f  sodium  a nd  d icarbon ic  acids
SG N -U212805: Photosystem  I  reaction centre  subunit HI, ch lorop last p recurso r
SG N -U213772: H ypersensitive  response assisting p ro te in
SG N -U213120: Oxidase
SG N -U215688: WRKY6, transcription fac to r
SG N -U213763: Unknown
SG N -U215572: Serine hydroxym ethyltransferase, m itochondria l 
SG N -U212697: Chlo rophyll a /b b ind ing p ro te in  type I 
SG N -U214448: D isease resistance pro te in  kinase  
SG N -U212885: Puta tive  ch lorop last th iazo le  b iosyn the tic  pro te in  
S G N -U230677: PsbQ  dom ain p ro te in  family, puta tive  
SGN -U224505:Cellu lose synthase-like  p ro te in  D4 
S G N -U235363: s/s2 R uB isCO _sm all_like  
SG N -U216046: Transcription facto r E4/E8 BP-1  
S G N -U 215989: Cytochrom e P450  
S G N -U226789: A M P -b ind ing  pro te in  
S G N -U213039: C h lorophyll a /b b ind ing pro te in  CP29  
SG N -U217505: DNA re p a ir p ro te in  RAD23, puta tive  
SG N -U213270: C innam ic a c id  4 -hydroxylase  
SG N -U225508: F inger prote in, p e p i 
S G N -U 212874: p ro tease inh ib ito r II, w ound-induced  
SG N -U225521: Rubisco, sm a ll subunit 3A/3C  
S G N -U225519: Rubisco, sm a ll subunit 3  
SG N-U213021 pro te inase  inh ib ito r 1 PPI3A4  
SG N -U215760: Hydrolase, a lpha/beta  hydrolase  
SG N -U213404: A ldehyde decarbonylase, CER1  
SG N -U225512: D A H P  synthetase 2 
S G N -U213815: Unknown
SG N -U215141: A TP synthase delta  chain, ch lo rop las t p recurso r  
SG N -U225539: AgpS1  
S G N -U225545: Rubisco, sm a ll subunit 1 
SG N -U212734: Secreto ry  peroxidase
SG N -U 218904: Chlo rophyll a /b b ind ing p ro te in  1B, LH C II type I 
SG N -U216326: P rote in  DCL, ch lorop lastic  
SG N -U219310: Unknown
S G N -U213519: ERD15, dehydration-induced prote in  
SG N -U213020: P rotease in h ib ito r I, wound-induced
- 1 .5 + 1.5
Figure 6: Details of group F from the cluster analysis containing SGN number and putative annotation of each gene.
Discussion
M ild  hs a ffec ts  genes re la ted  to  m ale re p ro d u c tive  o rgans  and to  ca rbohyd ra te  m etabo lism
Considerable differences for fruit set ability under hs in various tomato cultivars have been reported in previous 
investigations as consequence of the interference of the high temperature with the developmental program of the 
flowers (Iwahori 1966; Rudich et al., 1977; Abdul-Baki & Stommel, 1995).
In agreement with these data, the exposure to 43-45°C for three weeks markedly decreased fruit set in tomato 
lines, differing for high temperature sensitivity, and significant changes were mainly observed in the heat sensitive 
lines as Pull. Peet et al. (1998) and Sato et al. (2002) demonstrated that tomato fruit set is affected by hs which 
causes damages on the developmental programs of anther/pollen grains such as dehiscence and germination, 
respectively.
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Figure 7: Expression patterns of HsfA2 and Hsp17.4-CII in 4 mm and 10 mm long buds of Saladette and Pull under CT: 
26°C\20°C (day\night) and HS: 36°C\25°C (day\night). (A) Detail of the expression pattern of HsfA2 and Hsp17.4-CII 
obtained by microarray experiment. (B) Relative expression level of HsfA2 by qRT-PCR. (C) Relative expression level of 
Hsp17.4-CII by qRT-PCR. For each gene, the relative expression levels was calculated by considering sample CT from 10 
mm long bud as calibrator (expression value set to 1). Relative expressions were the average of two biological replicas.
Accordingly with these data a temperature of 36°C, just 10°C above the optimal physiological ranges, adversely 
influences tomato pollen vitality although less markedly in Saladette as compared to Pull.
The impairment of pollen vitality may be due to the expression changes of genes strictly connected to the 
reproductive processes. Qrt3 and Lat59 genes have been described in previous investigations as genes involved 
in pollen wall modifications during the early/late phases of the microsporogenesis (Preuss et al., 1994; Rhee et 
al., 2003; Twell et al., 1990; Curie & McCormick, 1997). The 108 gene has been shown to encode for a protein 
secreted by the tapetum (Chen & Smith, 1993). Previous investigations showed that degenerative morphological 
alterations in anthers were caused by hs, particularly in the tapetum and in the wall of developing pollen grains
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(Suzuki et al., 2001; Sato et al., 2005). These morphological changes in the male reproductive organs may be 
also partly attributable to the transcriptional changes of genes belonging to the above mentioned networks. 
Accumulation of several soluble sugars including sucrose, maltose, thehalose, fructose and glucose have been 
observed to rapidly increase in the metabolome of plant cells at high temperatures, and their production is 
maintained at high level throughout the hs treatment (Guy et al., 2008). These sugars are thought to act as 
osmolites/compatible solutes that can be beneficial during hs conditions (Diamant et al., 2001). Consistent with 
these metabolite profiles, transcriptional changes have been observed at high temperatures for genes strictly 
involved in the carbohydrate metabolism by previous studies (Rizshsky et al., 2004). These expression changes 
were found in flowers of Saladette and Pull after hs of 36°C. These genes encode for an acid beta- 
fructofuranosidase and AgpS1, involved in sucrose hydrolysis and in starch biosynthesis, respectively. Previous 
analyses showed that the decreased fruit set in tomato is partly associated to hs changes in carbohydrate content 
in pollen grains (Pressman et al., 2002). Sato et al. (2006) observed that at moderately high temperature of 32°C 
pollen performance is particularly affected by the delayed or disrupted hydrolysis of sucrose, which usually 
produces hexoses for starch biosynthesis. Correspondingly, they noticed low expression of a vacuolar invertase 
gene in tomato anther. In agreement with this finding, the low expression of the Acid beta-fructofuranosidase, 
found at the stage of 10 mm long bud in Saladette and Pull may suggest repression in sucrose hydrolysis.
Concomitantly, the up-regulation of the AgpS1 observed at anthesis may instead indicate a higher 
activation of starch biosynthesis. Indeed, AgpS1 encodes for the smaller subunit to ADP glucose 
pyrophosphorilase enzyme (AGPase, EC 2.7.7.27), a key regulator in the starch biosynthesis (Press, 1988). For 
the Acid beta-fructofuranosidare and for AgpS1 not significant differences were noticed in the mRNA levels 
between Saladette and Pull in 4 mm and 10 mm long buds by qRT-PCR analyses. This suggests that these 
genes are most likely hs responsive genes, and that carbohydrate adjustments in response to hs are needed in 
both tolerant and sensitive tomato lines to cope with hs.
M ild  hs e ffec ts  on p ho tosyn th es is , defense and a b io tic  s tress  re la ted  genes
Gene networks involved in the general response to the abiotic stresses were similarly modulated in response to 
the mild hs of 36°C in Saladette and Pull.
This may suggest that the protection of developing flowers under hs is most likely due to transcriptional 
adjustments essential in both tolerant and sensitive lines. These common genes encoded for proteins notably 
involved in the oxidative, temperature, drought or wound stresses such as S-adenosyl-L-methionine, drought- 
induced protein SDi-6, peroxidase, cytochrome P450, Pto-like serine/threonine kinase, several isoforms of 
proteinase inhibitors, glutathione S-transferase and Cinnamic acid 4-hydroxylase (Wahid et al., 2007).
It has also been reported that abiotic stresses related genes are abundantly present in the male/female 
gametophytic tissues of various plant species (Honys and Twell, 2003; Tung et al., 2005; Quiapim et al., 2009). In 
rice, Lan et al. (2005) suggest that the fertilization/pollination processes share common signaling pathways with 
the wound defense stress response. Several proteins involved in the biotic and abiotic stresses were also
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described in the proteome of mature pollen grains of tomato (Sheoran et al., 2007). Therefore, it is possible that 
some defense genes, found in this study, may be constitutively expressed in developing tomato flowers or 
reproductive organs. The significantly high transcript levels detectable at anthesis under hs may instead suggest 
that more protection is needed at this stage, in which pollination and fertilization take places. The up-regulation of 
genes encoding for several proteinase inhibitors types, chaperones as Hsps and enzymes involved in the amino- 
acid biosynthesis as SHMT (Serine hydroxymethyltransferase) and DAHP2 synthetase, is in agreement with the 
idea that these genes contribute to re-establish a new cellular homeostasis by inhibiting the premature activation 
of proteinases, by restoring the native protein conformation and by increasing the pools of free aminoacids for an 
increased protein synthesis (Morimoto et al., 1998; Kotak et al., 2007; Guy et al., 2008). At the anthesis stage, it 
was also observed that a type of proteinase inhibitor, PPI3A4, was significantly more expressed in Pull than in 
Saladette. This result may indicate that flower tissues of the sensitive line might be under a more proteotoxic 
stress as compared to those of the heat tolerant one, and therefore they may induce more protection under hs.
In developing flowers from both tomato lines, photosynthesis genes were up-regulated under hs, 
particularly at anthesis. The photosynthesis activities have been indicated as the primary target of the thermal 
damages due to the direct effect on chloroplast biogenesis and to the inhibition of de novo protein synthesis by 
the reactive oxygen species (ROS; Allakhverdiev et al., 2008). In Arabidopsis it was observed that transgenic 
plants having high expression levels of photosynthesis related genes, e.g. Rubisco Activase 1 (RCA1), exhibited 
higher photosynthesis rates, improved development pattern, higher biomass and increased seed yield (Kurek et 
al., 2007). Therefore, it is possible that the increased expression of genes related to the photosynthesis 
machinery might be necessary in tomato flowers to sustain repeated cycles of high temperature.
Similar transcriptional adjustments in developing flowers of Saladette and Pull were also noticed for genes 
encoding several types of transcriptional factors. For instance, the putative transcriptional factor regulator WRKY6 
increased its induction from the 4 mm long buds to the anthesis. WRKY6 belongs to a transcriptional factor family 
whose members were shown to play a key role in the response to biotic/abiotic stresses (Robatzek et al., 2001; 
Rizhsky et al., 2004). The WRKY25 gene induces also thermotolerance in Arabidopsis and, interestingly, this 
phenotype was shown to be also associated to higher expression of genes such as HsfA2, HsfB1, HsfB2a, and 
Hsp101 (Li et al., 2009). So far a similar function was not shown for WRKY6, but the present data point out to the 
involvement of this transcriptional factor in the hs response of the flower tissues.
H sfA 2  and Hsp17.4-C II w ere  d iffe re n tia lly  regu la ted  in heat to le ra n t and se n s itive  lines
By microarray and qRT-PCR approaches only few differences were found between heat tolerant and heat 
sensitive lines. However it was observed that HsfA2 was more induced in developing flowers of Saladette than in 
those of the heat sensitive one. HsfA2 has been well characterized as hs induced transcriptional factor that is 
responsible for inducing the expression of hs responsive genes, and for promoting tolerance to high 
temperatures, especially when plants are exposed to prolonged hs regimes (von Koskull-Doring et al., 2007; 
Schramm et al., 2006; Nishizawa et al.,2006; Chang et al., 2007). In tomato, the recruitment/release of HsfA2
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from the hs granules complexes is regulated by a network of interacting proteins like HsfA1a, Hsp17-CII and 
Hsp17-CI, influencing its solubility, its intracellular localization and its activator function (Scharf et al., 1998; Port 
et al., 2004). The higher expression of HsfA2 found in 4 mm and 10 mm long buds in Saladette than in those of 
Pull suggests that HsfA2 may be an important regulator of hs response at these stages of flower development. 
HsfA2 may contribute to the thermo-tolerance of developing flowers through the activation of specific genes, e.g. 
Hsps. From the present study, Hsps such as Hsp17.4-CII, chloroplast sHsp-CI or Hsp101 were identified as 
genes highly induced by hs in flower tissues, and concomitantly a slightly up-regulation of these genes was noted 
in Saladette and not in Pull. In vegetative tissues these genes have been indicated as important contributing 
factors for hs tolerance (Hong & Vierling, 2001; Sun et al., 2002). Therefore, it is also possible that they may also 
play an important role in the protection system of floral tissues and, thereby, in the thermotolerance of the 
reproductive organs and developing pollen.
In conclusion, the present analysis provided a global view of the expression changes occurring in the 
developing flowers following exposure to prolonged hs conditions of 36°C. Using the combination of TOM1 cDNA 
microarray and qRT-PCR, transcriptional adjustments involved in the hs response were identified in two tomato 
lines, differing for fruit set ability at high temperatures. Classical genes involved in the hs response as peroxidase, 
Hsps, genes related to hormone or carbohydrate metabolism, photosynthesis, abiotic stress response, protein 
biosynthesis/degradation were activated in the flower tissues for coping with hs. These transcriptional 
adjustments are most likely important consequences of the adaption to prolonged mild hs and, therefore, are 
essential in both tolerant and sensitive lines for protecting the sensitive structures of flower organs. Important 
transcriptional differences, that may be associated to the high fruit set ability of Saladette at high temperatures, 
were only found for components of hs response system. These genes are therefore prominent candidates for 
participating in the thermotolerance mechanisms in these organs. A more complete understanding of the role of 
these genes with respect to the hs tolerance during fruit set requires additional data, including a more detailed 
expression characterization at the reproductive stages shown to be critical for proper tomato fruit set under 
temperature changes.
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Table  1: Genes up regulated in response to heat stress in Saladette during flowering. Genes with 
expression ratio >1.4 and coefficient of variation (CV) < 0.4 were regarded as up-regulated genes.
SGN Unigene SGN Unigene Genebank Annotation E-value Ratio CV
Cell structure\Cell cycle
SGN-U213709
dbj|BAC77346.1| gonidia forming protein GlsA 
(Lilium longiflorum)
1e-174 1.51 0.07
Cell wall
SGN-U214487
emb|CAA06000.1| extensin-like protein 
(Solanum tuberosum)
2e-70 1.51 0.24
SGN-U216879
gb|AAP04164.1| putative pectinesterase 
[Arabidopsis thaliana]
2e-24 2.53 0.05
Hormone responses
SGN-U213100 pir||T06588 abscisic stress ripening protein 1 - tomato 7e-21 1.53 0.09
SGN-U213684
gb|AAP97136.1| putative spermine synthase [Lycopersicon 
esculentum]
0.0 2.61 0.16
SGN-U214290 dbj|BAD17856.1| gibberellin 2-oxidase 2 [Nicotiana tabacum] 3e-81 1.48 0.11
SGN-U214877 sp|P27058|SYST_LYCES Systemin precursor 5e-07 2.27 0.10
SGN-U222410 pir||T07794 ethylene receptor-tomato (strain UC82-B) 0.0 1.59 0.11
Nucleic acid metabolism
SGN-U214618
dbj|BAB01770.1| DEAD-Box RNA helicase-like protein 
[Arabidopsis thaliana]
1e-169 1.43 0.10
Other
SGN-U212870
emb|CAA78300.1| polyphenol oxidase precursor 
[Lycopersicon esculentum]
0.0 1.53 0.12
SGN-U215917
b|AAP21224.1| At2g32520 [Arabidopsis thaliana]
1e-106 1.46 0.08
SGN-U219271
ref|NP_177852.2| protein kinase family protein [Arabidopsis 
thaliana]
1e-102 1.50 0.07
Photosynthesis
SGN-U212712 gb|AAS58496.1| chloroplast ferredoxin I [Nicotiana tabacum] 1e-60 1.48 0.29
Primary metabolism
SGN-U212860 gb|AAA34171.1| threonine deaminase 0.0 1.70 0.29
SGN-U213709
dbj|BAC77346.1| gonidia forming protein GlsA (Lilium 
longiflorum)
1 e-174 1.51 0.07
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Table  1 Continued
Protein biosynthesis
SGN-U213332
pir||S72485 peptidylprolyl isomerase (EC 5.2.1.8) ROF1 
(Arabidopsis thaliana)
0.0 1.52 0.11
SGN-U215121
gb|AAL15231.1| putative 50S ribosomal protein L15. 
chloroplast precursor [Arabidopsis thaliana]
7e-82 1.48 0.04
Protein degradation
SGN-U212877
emb|CAA64416.1| proteinase inhibitor II 
[Lycopersicon esculentum]
1e-11 1.51 0.13
SGN-U212879
dbj|BAA04151.1| proteinase inhibitor [Solanum tuberosum]
2e-72 1.53 0.07
SGN-U213020
sp|P05118|ICI1_LYCES Wound-induced proteinase inhibitor I 
precursor 8e-39 1.78 0.37
SGN-U213021
sp|P16231|ICI1_LYCPE Wound-induced proteinase inhibitor I 
precursor 2e-34 1.72 0.26
SGN-U213363
sp|Q43710|IP22_LYCES Proteinase inhibitor type II TR8 
precursor 1e-13 2.26 0.05
SGN-U213613
sp|P20076|IER1_LYCES Ethylene-responsive proteinase 
inhibitor I precursor 1e-09 3.26 0.03
SGN-U214645
gb|AAF15901.1| putative proteinase inhibitor 
[Nicotiana glutinosa] 2e-25 3.83 0.11
SGN-U216970
emb|CAA88629.1| pre-pro-cysteine proteinase [Lycopersicon 
esculentum]
2e-89 1.69 0.12
Ripening related
SGN-U219908
gb|AAG49030.1| ripening regulated protein DDTFR8 
[Lycopersicon esculentum]
5e-66 1.57 0.10
Signal transduction
SGN-U215018
emb|CAB71336.2| putative acid phosphatase [Hordeum 
vulgare subsp. vulgare] 3e-68 1.53 0.07
SGN-U219624
gb|AAG51012.1| protein phosphatase 2C. putative; 16828­
18284 [Arabidopsis thaliana] 2e-24 2.14 0.13
Stress\ defense responses
SGN-U216383 pir|| JQ0398 wun1 protein-potato 1e-51 1.97 0.11
SGN-U218849
dbj|BAB41200.11 TMV response-related gene product 
[Nicotiana tabacum]
4e-60 1.57 0.08
SGN-U212932
gb|AAC83688.2| 101 kDa heat shock protein; HSP101 
[Nicotiana tabacum]
0.0 2.20 0.16
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Table  1 Continued
Stress\ defense res¡ponses
SGN-U215190
gb|AAD17230.1| FtsH-like protein Pftf precursor [Nicotiana 
tabacum]
0.0 2.25 0.10
SGN-U215029 dbj|BAC81649.1| glutathione S-transferase [Pisum sativum] 1e-91 1.85 0.30
SGN-U216391
gb|AAQ19680.1| chloroplast small heat shock protein classI 
[Capsicum frutescens]
1e-63 1.47 0.23
SGN-U216468
gb|AAC36312.1| cytosolic class II small heat shock protein 
hCT2 [Lycopersicon esculentum]
1e-73 3.64 0.15
Transcription factor\ regulation o f transcription
SGN-U213473
gb|AAR20445.2| putative leucine zipper protein [Gossypium 
hirsutum]
0.0 1.80 0.15
SGN-U213659
gb|AAM33098.1| TDR4 transcription factor [Lycopersicon 
esculentum]
1e-13 2.01 0.27
SGN-U216297
NP_195167 DNA binding / transcription factor [Arabidopsis 
thaliana]
7e-25 3.07 0.11
SGN-U218686
gb|AAM15265.1| putative bHLH transcription factor 
[Arabidopsis thaliana]
8e-50 1.49 0.15
Unknown
SGN-U213124 gb|AA042402.1| unknown protein [Arabidopsis thaliana] 2e-96 2.41 0.05
SGN-U213338 AAQ96377 miraculin-like protein [Solanum brevidens] 2e-25 1.46 0.19
SGN-U213688
ref|XP_309584.1| ENSANGP00000023535 {Anopheles 
gambiae)
1e-09 1.56 0.14
SGN-U213793
emb|CAE75926.1| 0SJNBa0093F12.14 [Oryza sativa 
(japonica cultivar-group)]
4e-18 1.43 0.17
SGN-U214998
ref|XP_506126.1| PREDICTED B1026C12.9 gene product 
[Oryza sativa (japonica cultivar-group)]
2e-29 3.40 0.16
SGN-U216643 dbj|BAC42496.1| unknown protein [Arabidopsis thaliana] 4e-86 1.46 0.19
SGN-U219293 gb|AAM65077.1| unknown [Arabidopsis thaliana] 7e-07 0.18
SGN-U219752 No hits found 1.67 0.06
SGNU219929 gb|AAQ89656.1| At5g38700 [Arabidopsis thaliana] 1e-22 1.67 0.18
SGNU221237
gb|AA041900.11 putative VAMP protein SEC22 [Arabidopsis 
thaliana]
8e-58 1.51 0.10
SGN-U222606
ref|NP_182179.2| transducin family protein / WD-40 repeat 
family protein [Arabidopsis thaliana]
3e-53 1.46 0.10
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Table  1 Continued
Unknown
SGN-U223573
gb|AAL32597.1| Unknown protein [Arabidopsis thaliana]
4e-08 1.45 0.04
SGN-U230772 No hits found
1.75 0.05
SGN-U233386
gb|AAM44980.1| unknown protein [Arabidopsis thaliana]
1 e-100 1.48 0.16
Table  2: Genes down regulated in response to heat stress in Saladette during flowering. Genes with 
expression ratio < 0.75 and coefficient of variation (CV) < 0.4 were regarded as down regulated 
genes.
SGN Unigene SGN Unigene Genebank Annotation E-value Ratio CV
Cell structure\Cell cycle
SGN-U213131
dbj|BAC77346.1| gonidia forming protein GlsA (Lilium 
longiflorum)
0.0 0.74 0.14
SGN-U214809
dbj|BAA85117.1| histone H2A-like protein [Solanum 
melongena]
3e-41 0.74 0.13
SGN-U214233 emb|CAA07234.1| histone H2A (Cicer arietinum] 5e-43 0.74 0.09
SGN-U213554
gb|AAQ24536.1| histone H4 [Solanum chacoense]
1e-38 0.73 0.17
SGN-U214931 emb|CAB88668.1| histone H2B [Cicer arietinum] 5e-43 0.72 0.15
Cell wall
SGN-U214777 gb|AAF78903.1| proline-rich protein [Glycine max] 4e-29 0.63 0.09
SGN-U214695 pir||T07858 glycine-rich protein -  tomato 1e-18 0.41 0.14
Hormone responses
SGN-U212786
emb|CAA41212.1| 1-Aminocyclopropane-1-carboxylic 
acid oxidase [Lycopersicon esculentum]
1e-169 0.74 0.08
SGN-U215281
ref|XP_482984.1| putative flavonol synthase (Oryza sativa 
(japonica cultivar group))
1 e-66 0.74 0.24
Nucleic acid metabolism
SGN-U214988
gb|AAL07518.1| RNA-binding protein precursor [Nicotiana 
tabacum]
8e-37 0.75 0.14
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Table  2 Continued
Pollen and reproduction
SGN-U215091
emb|CAA33523.1| P59 protein [Lycopersicon esculentum] 
[Lycopersicon esculentum] 0.0 0.73 0.10
SGN-U228015
emb|CAA60579.1| S3 self-incompatibility protein [Papaver 
rhoeas] 8e-20 0.71 0.20
SGN-U217427
emb|CAA78466.1| 108 protein [Lycopersicon esculentum]
6e-36 0.49 0.20
SGN-U217653
gb|AAQ83300.1| QRT3 [Arabidopsis thaliana]
1e-113 0.68 0.16
SGN-U215822
emb|CAA61300.1| NTM19 [Nicotiana tabacum]
6e-14 0.73 0.08
Primary/Secondary Metabolism
SGN-U212885
gb|AAP03875.1| putative chloroplast thiazole biosynthetic 
protein[Nicotiana tabacum] 1e-173 0.57 0.08
SGN-U217227
ref|NP_195268.2|dihydroflavonol4-reductase family 
[Arabidopsis thaliana] 1 e-57 0.53 0.14
SGN-U214399
emb|CAA91228.1| caffeoyl-CoA O-methyltransferase 
[Nicotiana tabacum] 1e-129 0.75 0.23
Protein degradation
SGN-U213406 emb|CAA05894.1| CYP1 [Lycopersicon esculentum]
0.0 0.66 0.03
Stress\defense responses
SGN-U212734 gb|AAD33072.1| secretory peroxidase [Nicotiana tabacum] 1e-170 0.74 0.16
SGN-U227787 gb|AAD43561.1| bacterial-induced peroxidase precursor 
[Gossypium hirsutum]
1 e-79 0.63 0.10
SGN-U213926 pir||S71562 drought-induced protein SDi-6-common sunflower 
(fragment)
3e-12 0.64 0.11
SGN-U215638 dbj|BAB39396.1| S-adenosyl-L-methionine:salicylic acid 
carboxyl methyltransferase [Atropa belladonna]
1e-168 0.61 0.13
SGN-U214651 gb|AAB49688.1| wound-induced protein [Lycopersicon 
esculentum]
1e-111 0.64 0.35
SGN-U212883 emb|CAA78845.1| chitinase [Lycopersicon esculentum] 1e-169 0.75 0.16
SGN-U213859 gb|AAB05376.3| putative cytochrome P-450 [Nicotiana 
plumbaginifolia]
1e-171 0.73 0.17
Signal transduction
SGN-U213877 dbj|BAA76896.1| LeArcA2 protein [Lycopersicon esculentum 0.0 0.72 0.12
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Unknown
SGN-U220089 gb|AAN31899.1| unknown protein [Arabidopsis thaliana] 2e-06 0.75 0.13
SGN-U214550 gb|AAM63608.1| unknown [Arabidopsis thaliana] 4e-41 0.74 0.14
SGN-U225978 No hits found 0.74 0.12
SGN-U222332 gb|AAM10351.11 AT3g62730/F26K9_160 [Arabidopsis 
thaliana]
7e-25 0.73 0.18
SGN-U215071 gb|AAP37737.1| At1g70770 [Arabidopsis thaliana] 1e-143 0.73 0.12
SGN-U219682 gb|AAP37829.1| At5g12470 [Arabidopsis thaliana] 1e-114 0.71 0.07
SGN-U216904 ref|NP_915654.1| P0677H08.7 [Oryza sativa (japonica 
cultivar-group)]
1e-101 0.70 0.12
SGN-U216668 Ref|NP_918508.1| B1112D09.9 [Oryza sativa (japonica 
cultivar-group)]
0.0 0.68 0.09
SGN-U221511 dbj|BAC76004.1| RelA-SpoT like protein RSH1 [Nicotiana 
tabacum]
6e-54 0.56 0.12
SGN-U214769 gb|AAR14272.1| predicted protein [Populus alba x Populus 
tremula)
2e-70 0.53 0.12
Other
SGN-U215941 ref|XP_478758.1| remorin-like protein [Oryza sativa (japonica 
cultivar-group)]
4e-51 0.74 0.17
SGN-U216640 gb|AAU05540.1| At1g12570 [Arabidopsis thaliana] [ 0.0 0.68 0.09
SGN-U220035 gb|AAS01524.1| cycloartenol synthase [Centella asiatica] 1e-15 0.63 0.11
Table  3: Genes up regulated in response to heat stress in Pull during flowering. Genes with expression 
ratio >1.4 and coefficient of variation (CV) < 0.4 were regarded as up-regulated genes.
SGN Unigene SGN Unigene Genebank Annotation
E­
value
Ratio CV
Carbohydrate metabolism
SGN-U217186
CAE54480 alpha glucosidase II [Lycopersicon esculentum]
0.0 1.47 0.09
Cell structure\cell cycle
SGN-U213709 BAC77346 gonidia forming protein GlsA [Lilium longiflorum] 0.0 1.55 0.05
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Hormone response
SGN-U232136 CAA80865 S-adenosyl-L-methionine synthetase 
[Lycopersicon esculentum]
1e-046 1.60 0.14
SGN-U214004 AAU34075 ethylene receptor neverripe [Lycopersicon 
esculentum]
0.0 1.57 0.06
Nucleic acid metabolism
SGN-U214618 ABA99370 DEAD/DEAH box helicase, putative [Oryza sativa 
(japonica cultivar-group)]
0.0 1.42 0.06
Other
SGN-U213473 AAR20445 putative leucine zipper protein [Gossypium 
hirsutum]
0.0 1.49 0.18
SGN-U222606 NP_182179 nucleotide binding [Arabidopsis thaliana] 5e-053 1.61 0.17
SGN-U223970
AAC27152 Similar to gb|Z84386 anthranilate N- 
hydroxycinnamoyl/benzoyltransferase from Dianthus 
caryophyllus. Arabidopsis thaliana]
1e-072 1.90 0.01
SGN-U213793 AAP37967 seed specific protein Bn15D1B [Brassica napus] 4e-015 2.89 0.07
Photosynthesis
SGN-U212712 AAS58496 chloroplast ferredoxin I [Nicotiana tabacum] 2e-060 1.47 0.04
SGN-U212940 Q40460 Ribulose bisphosphate carboxylase/oxygenase 
activase 1, chloroplast precursor (RuBisCO activase 1)
0.0 1.46 0.03
SGN-U225541 CAA29404 ribulose 1,5-bisphosphate carboxylase/oxygenase 
[Lycopersicon esculentum]
6e-088 1.51 0.13
Primary metabolism
SGN-U212784 P38415 Lipoxygenase A 0.0 2.86 0.23
SGN-U212860 AAA34171 Threonine deaminase 0.0 1.62 0.10
SGN-U221044 AAL51055 beta-carbonic anhydrase [Nicotiana tabacum] 1e-108 1.96 0.10
Protein biosynthesis
SGN-U213152 AAU93594 putative ribosomal protein [Solanum demissum] 1e-108 1.55 0.24
SGN-U213332
NP_189160 ROF1 (ROTAMASE FKBP 1); FK506 binding / 
calmodulin binding / peptidyl-prolyl cis-trans isomerase 
[Arabidopsis thaliana]
0.0 2.80 0.06
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Table  3 Continued
Protein biosynthesis
SGN-U215121 NP_189221 RPL15 [Arabidopsis thaliana] 4e-095 2.70 0.16
Protein degradation
SGN-U212877 CAA64416 proteinase inhibitor II [Lycopersicon esculentum] 1e-123 1.45 0.11
SGN-U212879 BAA04151 proteinase inhibitor [Solanum tuberosum] 2e-084 1.80 0.06
SGN-U213020 AAZ08249 proteinase inhibitor 1 PPI3A4 [Solanum 
tuberosum]
3e-041 2.77 0.12
SGN-U213021 A34359 trypsin inhibitor I precursor - Peruvian tomato 1e-044 1.78 0.17
SGN-U213363 AAC37397 auxin-induced proteinase inhibitor 1e-135 2.87 0.33
SGN-U213613 AAZ94182 proteinase inhibitor I precursor [Solanum 
tuberosum]
3e-052 1.89 0.22
SGN-U215190 CAA09935 chloroplast protease [Capsicum annuum] 0.0 1.62 0.22
Photosynthesis
SGN-U219908 AAG49030 ripening regulated protein DDTFR8 (Lycopersicon 
esculentum]
1e-100 1.43 0.16
Signal transduction
SGN-U215018 CAF31501 putative acid phosphatase [Hordeum vulgare 
subsp. vulgare]
4e-068 1.81 0.10
SGN-U219271
NP_177852 ATP binding / kinase/ protein kinase/ protein 
serine/threonine kinase/ protein-tyrosine kinase (Arabidopsis 
thaliana)
1e-102 1.44 0.07
SGN-U219002 AAG51012 protein phosphatase 2C. putative; 16828-18284 
[Arabidopsis thaliana]
3e-024 2.25 0.14
Stress\defense responses
SGN-U218323 AAB42159 Hsc70 1 e-171 1.73 0.35
SGN-U212930 AAA86424 heat shock protein 2e-047 2.22 0.09
SGN-U212932 AAC83688 101 kDa heat shock protein; HSP101 [Nicotiana 
tabacum]
0.0 1.63 0.09
SGN-U212970 AAA87731 alphacpn60 precursor (Pisum sativum] 0.0 3.77 0.01
SGN-U215029 BAC81649 glutathione S-transferase [Pisum sativum] 2e-091 4.65 0.22
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T a b le  3 C ontinued
Stress\defense responses
SGN-U216391 AAQ19680 chloroplast small heat shock protein class I 
[Capsicum frutescens]
1 e-075 1.84 0.03
SGN-U216468 AAC36312 cytosolic class II small heat shock protein HCT2 
(Lycopersicon esculentum]
3e-081 2.00 0.26
T ranscrip tion  fa c to r\ regu la tion  o f transc rip tion
SGN-U212596 AAX95766 putative DNA binding protein [Lycopersicon 
esculentum]
1 e-170 1.53 0.16
SGN-U217359 AAD46402 ethylene-responsive transcriptional coactivator 
[Lycopersicon esculentum]
2e-074 1.74 0.19
SGN-U222248 BAD38180 putative MADS-box protein [Oryza sativa (japonica 
cultivar-group)]
3e-018 1.45 0.20
SGN-U240278 AAT39951 putative disease resistance protein Prf [Solanum 
demissum]
4e-017 1.58 0.13
Unknown
SGN-U213338 AAQ96377 miraculin-like protein [Solanum brevidens] 2e-025 3.50 0.17
SGN-U213763 NP_196094 amino acid binding [Arabidopsis thaliana] 6e-072 1.71 0.02
SGN-U214998 XP_476340 unknown protein [Oryza sativa (japonica cultivar- 
group)]
7e-037 1.59 0.06
SGN-U216631 No hits found 1.58 0.04
SGN-U217695 NP_916980 cytokinesis regulating protein - like [Oryza sativa 
(japonica cultivar-group)]
1e-019 1.46 0.16
SGN-U219929 AAL26975 long cell-linked locus protein [Zea mays] 2e-020 2.21 0.16
SGN-U225046 AAL32597 Unknown protein (Arabidopsis thaliana] 7e-008 2.75 0.21
SGN-U228354 No hits found 1.45 0.39
T a b le  4: Genes down regulated in response to heat stress in Pull during flowering. Genes with 
expression ratio < 0.75 and coefficient of variation (CV) < 0.4 were regarded as down regulated genes
SGN Unigene SGN Unigene Genebank A nno ta tion
E­
value
Ratio CV
C arbohydrate  m etabolism
SGN-U215234
NP_001031118 MUR4 (MURUS 4); catalytic Arabidopsis 
thaliana]
0.0 0.74 0.07
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T a b le  4 C ontinued
Cell s truc tu re \ce ll cyc le
SGN-U213554 XP_854093 PREDICTED: similar to germinal histone H4 gene 
(Canis familiaris]
7e-052 0.74 0.12
SGN-U215608 ABB59463 histone H1F [Nicotiana tabacum] 3e-062 0.69 0.07
Cell wall
SGN-U213444 AAS46240 xyloglucan endotransglucosylase-hydrolase XTH5 
[Lycopersicon esculentum]
0.0 0.73 0.11
SGN-U213752 AAX13972 pectin methylesterase [Nicotiana tabacum] 9e-055 0.54 0.09
SGN-U214695 AAA78253 glycine-rich protein 5e-083 0.32 0.06
Horm one responses
SGN-U212786 CAA41212 1-Aminocyclopropane-1-carboxylic acid oxidase 
[Lycopersicon esculentum]
0.0 0.74 0.06
SGN-U215281 XP_482984 putative flavonol synthase [Oryza sativa (japonica 
cultivar-group)]
2e-066 0.75 0.14
Pollen and reproduction
SGN-U215091 CAA33523 P59 protein [Lycopersicon esculentum] 0.0 0.43 0.19
SGN-U215822 CAA61300 NTM19 [Nicotiana tabacum] 8e-014 0.54 0.19
SGN-U217427 CAA78466 108 protein [Lycopersicon esculentum] 9e-052 0.64 0.15
SGN-U217653 NP_193738 QRT3 (QUARTET 3) [Arabidopsis thaliana] 1 e-118 0.52 0.03
SGN-U228015 CAA60579 S3 self-incompatibility protein [Papaver rhoeas] 8e-021 0.39 0.36
Prim ary\secondary m etabolism
SGN-U212843
P08196 Phytoene synthase 1. chloroplast precursor (Fruit 
ripening-specific protein pTOM5)
0.0 0.65 0.14
SGN-U213560 AAS46245 HMG-CoA synthase 2 [Hevea brasiliensis] 0.0 0.60 0.07
SGN-U214399 CAA91228 caffeoyl-CoA O-methyltransferase [Nicotiana 
tabacum]
1e-129 0.59 0.17
SGN-U217227 BAC78578 dihydroflavonol reductase [Oryza sativa (japonica 
cultivar-group)]
6e-059 0.52 0.29
SGN-U225803 NP_563768 ATGPAT1/GPAT1; 1 -acylglycerol-3-phosphate O- 
acyltransferase/ acyltransferase [Arabidopsis thaliana]
1e-043 0.69 0.11
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T a b le  4 C ontinued
Protein degradation
SGN-U213406 CAA05894 CYP1 [Lycopersicon esculentum] 0.0 0.74 0.10
SGN-U215458 ABB16998 proteasome-like protein alpha subunit [Solanum 
tuberosum]
1e-136 0.66 0.08
Signal transduction
SGN-U219852 AAK28345 receptor-like protein kinase 3 [Lycopersicon 
esculentum]
4e-053 0.54 0.07
S tress\defense responses
SGN-U213859 AAB05376 putative cytochrome P-450 [Nicotiana 
plumbaginifolia]
1e-172 0.72 0.03
SGN-U213926 S71562 drought-induced protein SDi-6 - common sunflower 
(fragment)
4e-022 0.72 0.03
SGN-U215638 BAB39396 S-adenosyl-L-methionine:salicylic acid carboxyl 
methyltransferase [Atropa belladonna]
1e-173 0.50 0.07
SGN-U219347 NP_193504 peroxidase [Arabidopsis thaliana] 4e-059 0.59 0.16
SGN-U214651 AAB49688 wound-induced protein [Lycopersicon esculentum] 1e-121 0.73 0.04
SGN-U213707 AAC06242 late embryogenis abundant protein 5 [Nicotiana 
tabacum]
2e-024 0.64 0.27
T ranscrip tion  fa c to r
SGN-U213659 AAM33098 TDR4 transcription factor [Lycopersicon 
esculentum]
1e-135 0.72 0.14
Transport
SGN-U225715 ref|NP_182179.2| transducin family protein/WD-40 repeat 
family protein [Arabidopsis thaliana]
3e-006 0.75 0.11
O ther
SGN-U216904 NP_564483 LCV2 [Arabidopsis thaliana] 1e-106 0.73 0.06
SGN-U215807 NP_171637 aspartic-type endopeptidase/ pepsin A 
[Arabidopsis thaliana]
1e-174 0.70 0.16
SGN-U216640
NP_172718 FAD binding / aldehyde-lyase/ oxidoreductase/ 
oxidoreductase. acting on CH-OH group of donors [Arabidopsis 
thaliana]
0.0 0.74 0.17
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Table 5: Fold increase of expression level determined by qRT-PCR analyses.
F lo w e r b u d  le n g th 4 m m 10 m m
G ene S a la d e tte P u ll S a la d e tte P u ll
AgpS1 1.295 ±  0.12 0.957 ± 0.05 2.830 ±  1.26 2.582 ±  0.94
DAHP2 synthetase 1.138 ±  0.03 0.717 ± 0.50 1.534 ±  0.14 9.001 ±  2.07
PPI3A4 2.055 ±  0,09 2.018 ± 1.19 4.859 ± 1.19 77.28 ±  6.43
WRKY6 0.586 ±  0.06 0.783 ± 0.09 1.771 ±  0.32 3.565 ±  0.07
Acid Beta- 
fructofuranosidase
0.793 ± 0.04 0.960 ± 0.22 0.499 ± 0.25 0.410 ± 0.07
Fold Increase (HS vs CT) was determined by quantitative PCR. Relative amounts were calculated and 
normalized with respect to atubulin mRNA, ± indicate standard error from two replicates.
58
Chapter 3
Developmental and heat stress-regulated expression of HsfA2 
and small heat shock proteins in tomato anthers
F ilom ena Giorno, M ieke  W olters-Arts, S te fan ia  Grillo, K laus-D ie te r S ch a rf 
W im H. Vriezen and  C elestina M arian i
Pubblished in: Journal o f Experimental Botany 61, 4 5 3 -462  (2010)

Chapter 3
Abstract
The high sensitivity of male reproductive cells to high temperatures may be due to an inadequate heat stress 
response. The results of a comprehensive expression analysis of HsfA2 and Hsp17-CII, two important members 
of the heat stress system, in the developing anthers of a heat-tolerant tomato genotype are reported here. A 
transcriptional analysis at different developmental anther/pollen stages was performed using semiquantitative and 
real-time PCR. The messengers were localized using in situ RNA hybridization, and protein accumulation was 
monitored using immunoblot analysis. Based on the analysis of the gene and protein expression profiles, HsfA2 
and Hsp17-CII are finely regulated during anther development and are further induced under both short and 
prolonged heat stress conditions. These data suggest that HsfA2 may be directly involved in the activation of 
protection mechanisms in the tomato anther during heat stress and, thereby, may contribute to tomato fruit set 
under adverse temperatures.
Introduction
Exposure to environmental stresses, such as high temperature, can severely reduce the productivity/yield of 
tomato plants grown under field conditions (Bar-Tzur et al., 1985). Decreased fruit set due to hs has been 
associated with several alterations in the morphology of tomato flower structures and with physiological 
imbalances in stress-protective metabolites, such as carbohydrates, polyamines and proline (Pressman et al., 
2002; Song et al., 2002; Sato et al., 2006). The major factor responsible for the failure of tomato fruit to set under 
suboptimal temperature conditions is considered to be the higher sensitivity of flower developmental processes to 
temperature changes, with the anthers being reported to be more vulnerable than the female organs (Peet et al., 
1998; Sato et al., 2000). Alterations in tomato anthers, such as a failure of adequate dehiscence and of tapetum 
development, have been found when hs occurs during the early phases of pollen development, i.e. 7-15 days 
before anthesis (Sato et al., 2000; 2002). However, hs also affects late pollen development. Yang et al. (2009) 
recently demonstrated that TMS1, encoding for a Hsp 40 heat shock protein with DnaJ and PDI domains, is 
required for thermotolerance in growing pollen tubes in Arabidopsis. A  mutation in this gene led to the reduction 
of seed production when plants were exposed to high temperatures.
The sensitivity of pollen development to hs has also been attributed to reduced thermotolerance due to 
the inability of the pollen to provide a strong hs response and, consequently, to produce large quantities of Hsps 
as compared to vegetative tissues (Mascarenhas & Crone, 1996). However, both low- and high-molecular-weight 
Hsps have been found to be expressed in the early and late stages of pollen development in various plant 
species (Becker et al., 2003; Honys & Twell, 2003; Volkov et al., 2005; Sheoran et al., 2007; Frank et al., 2009). 
One hypothesis is that the activation of hs gene expression during plant development is correlated to 
developmental programs rather than to the response of the plant under stressful environmental conditions 
(Waters et al., 1996; Sun et al., 2002). According to this proposal, during pollen formation, Hsps may function as 
molecular chaperones for the folding/refolding of proteins involved in meiosis and tetrad formation (Bouchard, 
1990; Atkinson et al., 1993; Reynolds, 1997). The developmental regulation of Hsp expression has been well
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characterized in animals where in some processes, e.g. spermatogenesis and early embryogenesis, specific 
Hsps are transcriptional induced by distinct Hsfs (Pirkkala et al., 2001). In contrast, few members of the large Hsf 
family in plants have been shown to be developmentally regulated (Gagliardi et al., 1995; Honys & Twell, 2004; 
Frank et al., 2009). Kotak et al. (2007) observed an elevated expression of HsfA9 during embryogenesis and 
seed maturation in Arabidopsis thaliana, and showed that its transcriptional control was strictly mediated by the 
ABI3 signal cascade. The function of other H sf genes as potential transcriptional activators of Hsp expression in 
plant developmental programs, however, remains poorly understood.
Researchers have expended the most effort on analyzing the network of Hsfs activated in plant tissues, 
such as leaves, under hs conditions (von Koskull-Döring et al., 2007). In particular, one of the components of the 
tomato Hsf family, HsfA2, shows a number of striking characteristics that suggest it would be an ideal potential 
transcriptional activator during the hs response (Baniwal et al., 2004). Mishra et al. (2002) reported that HsfA2 
was strongly accumulated in tomato cells under conditions of high temperature, following its induction by the 
master regulator, HsfA1, and that it became the dominant Hsf component in thermotolerant cells. Three major 
functional states of HsfA2 are distinguished: a soluble nuclear form, a soluble cytoplasmic form and a stored form 
(Nover et al., 1989; Scharf et al., 1998; Heerklotz et al., 2001, Port et al., 2004). After the plant has sensed hs, 
HsfA2 is accumulated in the nucleus of tomato cells in the presence of HsfA1, and both Hsfs then form hetero- 
oligomeric complexes that markedly enhance the expression of hs genes (Chan-Schaminet et al., 2009). In 
contrast, during ongoing hs conditions, a considerable quantity of HsfA2 is present in large cytoplasmic 
aggregates (the hs granules). Ultimately, following the hs and during the recovery period, most of the HsfA2 is 
found in a soluble form in the cytoplasm. Port et al. (2004) demonstrated that Hsp17.4-CII acts as specific 
repressor of HsfA2 activity, suggesting that this complex is responsible for the recruitment of HsfA2 into hs 
granules. Analyses of HsfA2 and Hsp17.4-CII transcripts revealed a differential regulation during flower 
development under normal and hs conditions (Chapter 2). Frank et al. (2009) subsequently demonstrated the 
expression of these hs genes by transcriptional profiling of tomato microspores.
The results reported here were obtained from an in-depth investigation on the expression of these genes 
and the accumulation of their corresponding proteins in the tomato anther during its development under 
experimental hs conditions. Unraveling the transcriptional mechanisms that regulate Hsf and, thereby, Hsp 
expression during tomato flower development will undoubtedly be a major step towards improving genetic traits in 
tomato plants, such as pollen thermotolerance and fruit set.
Materials and methods
P la n t m a te ria l, g ro w th  a n d  HS tre a tm e n ts
Tomato seeds from Solanum lycopersicum  cv Saladette, a heat-tolerant line that has normal fruit set under high 
temperature conditions (Rudich et al., 1977; El Ahmadi et al., 1979), were germinated and grown at control 
temperatures (CT: 26°C/19°C day/night) under a long-day photoperiod (16/8 h, day/night), with low-intensity light 
supplied by high-pressure sodium lamps (600W; Philips, Eindhoven, the Netherlands). Following initiation of the
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flowering period, tomato buds containing anthers 2, 4, 6, and 8 mm long, respectively, corresponding to the flower 
morphological stages described by Brukhin et al. (2003), were harvested from the plants. Mature microspores 
and dry pollen were obtained from the 8 mm long anthers (200-300) and from flowers at anthesis, respectively. 
Heat stress was applied to plants in the form of high temperature (36°C). Anthers at the 2 mm stage were 
collected after being subjected to short HS treatments at 36°C for 1, 2 and 6 h, respectively (Figure 4A, samples 
A, B, C), after recovery at 26°C and on the second day of the HS treatments (Figure 4A, samples D, E, F). 2 mm 
anthers were harvested from the same treated plants (Figure 4A, samples G, H and I) at day 7 after daily 
repeated cycles of mild HS and recovery (36°C/26°C day/night). Recovery samples D and G (Figure 4) were also 
harvested at 26°C after 30 min of light acclimatization to avoid interferences from the circadian rhythm. From the 
same plants, flower buds containing anthers 4, 6 and 8 mm in length, mature microspores from 8 mm anthers and 
dry pollen from the anthesis stage were collected after 2 h at 36°C. In this chapter, the abbreviation HS refers to 
the heat stress treatment (36°C/26°C day/night), while hs refers to heat stress as a stress condition.
R N A  is o la t io n  and  rea l t im e  PCR
Total RNA was isolated from anther cone tissues (n>6) using a one-step RNA isolation method (TRIzol® 
Reagent; Invitrogen, Carlsbad, CA). RNA quantity was measured spectrophotometrically, and its quality was 
checked by agarose gel electrophoresis. For reverse transcription, 1 |jg of total RNA for each sample was 
incubated with RNase-free DNase (RQ1; Promega, Madison, WI), and 400 ng of total RNA was used for reverse 
transcription according to the manufacturer's instructions (iScriptTM cDNA Synthesis Kit; Bio-Rad Laboratories, 
Hercules, CA). PCR analyses were carried out in 25 j l  volumes containing 0.125 j l  of cDNA synthesis reaction 
mixture, 400 nM of each primer and 12.5 j l  of iQ SYBR Green Supermix (Bio-Rad Laboratories). The PCRs were 
performed in a 96-well thermocycler (Bio-Rad iCycler; Bio-Rad Laboratories) using a controlled temperature 
program starting with 3 min at 95°C, followed by 40 cycles of 15 s at 95°C and 45 s at 60°C. To verify the 
presence of a specific product, we determined the melting temperature of the amplified products. In addition, a 
fraction of each PCR mixture was analyzed on a 2% agarose/ethidium bromide gel to verify the size of the 
amplified DNA fragment. The primers used for the real-time quantitative PCR reactions were designed using a 
computer program (Beacon Designer 5.01; Premier Biosoft International, Palo Alto, CA) to obtain primers that 
have close to identical melting temperatures and do not form secondary structures with each other under the 
given PCR conditions. The primers used to quantify Hsp17.4-C II and Hsp17.6-CII mRNAs were gene-specific. 
The following list reports the primer combinations used in gene expression analyses:
HsfA2 (X67601): Forw: 5,-GGCGACCATAACTCTATCCTTCCC-3, Rev: 5,-GCCTCCTCCACTATTCCAGTATCC-3;
Hsp17.4 CII (AF090115): Forw: 5'-GTCGCAGCCATTGCCTTAGC-3'; Rev: 5'-ACCACTCTTCCACACTCTTCAGC-3'; 
Hsp17.6-CII(U72396): Forw: 5'-GATGGAGAGAAGGGTTGGGAA-3'; Rev: 5'-AATTGTTTTGGGTTTCTTTGGC-3'.
Relative mRNA levels of the target genes were calculated following the Bio-Rad outlined methodology based on 
Vandesompele et al. (2002) and the LeEFI and 18S rRNA genes were used as references.
The primer sets of LeEFI and 18S rRNA were: 18S rRNA (X51576.1): Forw: 5'-AGACGAACAACTGCGAAAGC-3';
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Rev: 5'-AGCCTTGCGACCATACTCC-3'; LeEFI (X14449): Forw: 5'-TGATCAAGCCTGGTATGGTTGT-3'; Rev: 5'- 
CTGGGTCATCCTTGGAGTT-3'. For each sample, the mRNA quantity was calculated relative to the calibrator 
sample for the same gene. All reactions were performed on two independently collected series of RNA samples. 
The gene expression patterns were comparable in the two biological replicas. All figures show one series, with 
the error bars based on one technical repeat. Semi-quantitative PCRs were performed using 5 pl of 25-fold 
diluted cDNA, buffer IV, 2.5 mM MgCl2, 0.5 units of Red Hot Taq DNA polymerase (all from ABgene Limited, 
Epson, Surrey, UK), 0.4 mM dNTPs (Fermentas, St. Leon-Rot, Germany) and 0.1 pM of primers. Amplification 
consisted of 30 cycles of 30 s at 95°C (denaturation), 30 s at 58°C (primer annealing) and 30 s at 72°C 
(extension time).
In s itu  R N A  h y b r id iz a t io n
For in situ experiments, a 250-bp fragment was amplified from the pGEM5zf clone containing the total coding 
sequence of Hsp17.4-CII, previously amplified from tomato leaf cDNA.
Primers 5'-TTCGTGATGCTAAGGCAATG-3' (forward) and 5'-GCATTCTCCGGCAGACTAAA-3' (reverse) were 
used for the amplification. The 250-bp fragment was then inserted into pGEM-T easy. The sense and antisense 
digoxygenin (DIG)-labeled ribo-probes were generated by in vitro transcription using T7 and SP6 RNA 
polymerases according to the manufacturer's protocol (Roche Diagnostics, Indianapolis, IN). For the in situ 
experiments, 2 and 4 mm anthers were collected from tomato plants grown at control temperatures (26°C/19°C, 
day/night) and from those treated for 2 h at 36°C. Anther fixation/paraplast embedding and in situ experiments 
were performed as described by Nitsch et al. (2009).
P ro te in  is o la t io n  a n d  im m u n o b lo tt in g
Proteins were extracted from anthers using TRIzol® Reagent (Invitrogen) according to the manufacturer's 
instructions. Following isolation, the protein concentration was measured using the bicinchoninic acid assay (BCA 
Assay Kit; Thermo Fisher Scientific, Waltham, MA). One aliquot from each sample containing the same amount of 
total protein was precipitated with 4 volumes of acetone, and the proteins were dissolved in 1X sodium dodecyl 
sulfate (SDS) sample buffer. 25 ^.g aliquots of total proteins were separated on 14% SDS-polyacrylamide gels 
and transferred to a nitrocellulose membrane (pore size: 45 jm ) (Protran; Schleicher and Schuell, Dassel, 
Germany). For immunodetection, the membranes were blocked with 5% (w/v) milk powder in phosphate-buffered 
saline (PBS) for 1 h and then incubated overnight at 4°C with rabbit polyclonal antibodies against HsfA2 and 
Hsp17-CII, as described by Port et al. (2004). The blots were then rinsed and incubated with secondary antibody 
against rabbit IgG conjugated to horseradish peroxidase and were further processed for chemiluminescence 
detection using a kit as described by the manufacturer's protocol (Super Signal West Pico Chemiluminscent 
Substrate; Thermo Fisher Scientific).
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Results
E x p re s s io n  o f  H s fA 2  a n d  H sp17 .4 -C II in  d if fe re n t to m a to  t is s u e s  a n d  d u r in g  a n th e r d e v e lo p m e n t
Previous results (Chapter 2) suggested that HsfA2 and Hsp17.4-CII genes are induced in response to HS during 
tomato flower development, particularly at anthesis, when pollination occurs. The expression of these genes in 
tomato microspores has also been reported (Frank et al., 2009). The influence of HS on the expression of these 
genes in the flower and during anther development was therefore studied here in more detail. As shown in Figure 
1A, HsfA2 and Hsp17.4-CII were induced in the tissues of flowers at anthesis and in leaves harvested from cv 
Saladette treated with daily repeated cycles of mild HS and recovery for 3 weeks (HS: 36°C\26°C, day\night).
Figure 1: Transcriptional changes of HsfA2 and Hsp 17.4 CII in tomato tissues under HS. Total flower tissues at anthesis 
and leaf tissues were harvested from cv Saladette treated with daily repeated cycles of mild HS and recovery for 3 weeks 
(HS: 36°C\26°C, day\night) or maintained under control conditions (cT: 26°C\19°C, day\night). From these same treated 
and untreated plants, flowers harvested at anthesis were dissected into sepal, petal, anther and pistil. (A) Semi-quantitative 
PCR shows increased mRNA levels of HsfA2 and Hsp17.4-CII in tomato flowers and leaves under prolonged HS conditions. 
(B) Relative transcript levels of HsfA2 were measured by qRT-PCR using LeEF1 and 18S rRNA as housekeeping genes to 
normalize the data. The highest induction of HsfA2 was identified in the anther tissues treated at high temperatures. (C) A 
similar transcript profile to that of (B) was also observed for Hsp17.4-CII, which was strongly induced in the male 
reproductive organs under HS.
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The qRT-PCR results showed that HsfA2 and Hsp17.4-CII were more highly induced in the anther than in the 
other flower tissues (Figure 1B, C). The observation that both HsfA2 and Hsp17.4-CII were more highly 
expressed in the tomato male reproductive organs suggests that they may play a role in the protection system of 
sporophytic and/or sporogenic tissues in the anther. The timing of the activation of this protection system during 
anther development was investigated here by first determining the transcript levels of HsfA2 and Hsp17.4-CII in 2, 
4, 6 and 8 mm long anthers using semi-quantitative PCR (Figure 2). As shown in Figure 2B, the transcripts of 
HsfA2 and Hsp17.4-CII were more detectable during development at the 2 mm stage under CT conditions, while 
both mRNAs were present at all stages of development after HS for 2 h at 36°C.
F igure 2: Expression analyses of HsfA2 and Hsp17.4 CII 
during anther development under CT and HS conditions.
(A) Tomato flower buds were harvested from cv Saladette 
and used to obtain different-sized anthers (2, 4, 6 and 8 
mm). (B) mRNAs of HsfA2 and Hsp17.4-CII, from anthers 
at different stages and leaves treated with HS (2 h at 
36°C) or kept at CT conditions were analyzed by 
semiquantitative PCR. LeEF1 and 18S rRNA transcript 
levels were monitored as controls.
H s fA 2  a n d  H sp  17-CII a re  d if fe re n t ia lly  m o d u la te d  in  y o u n g  a n th e r s ta g e s
The observation that 2 mm anthers from CT plants had the highest expression of HsfA2 and Hsp17.4-CII led to a 
more detailed investigation of transcript levels and protein accumulation under CT conditions. As shown in Figure 
3A, HsfA2 expression in 2 mm anthers from CT plants was higher than that in older ones.
Correspondingly, the amount of the protein was higher at the 2 and 4 mm anther stages, subsequently 
decreasing in 6 and 8 mm anthers (Figure 3D). The Hsp17.4-CII gene was also expressed during anther 
development (Figure 3B), particularly at the younger stages, when the accumulation of Hsp17-CII proteins was 
also observed (Figure 3D). However, because tomato small Hsps, such as Hsp17.4-CII and Hsp17.6-CII, belong 
to the same subfamily and differ only by few amino acid residues, it was impossible to discriminate them by the 
antibody used in this study (Port et al., 2004). This led to an analysis of the Hsp17.6-CII transcript profiles in order 
to distinguish the Hsp17.4-CII and Hsp17.6-CII mRNAs that are translated into the respective proteins. As 
observed for Hsp17.4-CII, the Hsp17.6-CII gene was also expressed during anther development under CT
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conditions, particularly in 2 mm anthers (Figure 3C), indicating that the Hsp17.4-CII and Hsp17.6-CII proteins may 
be detected together with the Hsp17-CII antibody.
F igure 3: Expression analyses of HsfA2 and Hsp17-CII during anther development (A-C). Relative mRNA levels of HsfA2 
(A), Hsp17.4-CII (B) and Hsp17.6-CII (C) in different-sized anthers under CT conditions. Expression data were normalized 
using LeEFI and 18S rRNA as housekeeping genes. The mRNA levels of the target genes in 4, 6 and 8 mm anthers are 
relative to that from 2 mm anthers (value 1). (D) Immunoblotting analyses of the proteins isolated from the same samples as 
in (A, B and C) using specific antisera against HsfA2 and Hsp17-CII. Ponceau staining of total protein was used as control 
for loading.
An HS time course experiment was designed to analyze the influence of HS on HsfA2 and Hsp17-CII expression 
modulations in the youngest anther under stressful conditions. The results are shown in Figure 4. Plants were 
grown in the growth chamber at control temperatures (CT: 26°C /19°C day/night). At the beginning of flowering, 
temperatures were raised to 36°C during the day and 26°C during the night. This treatment was repeated for 7 
days to mimic the long-day hs condition that can occur in the field. 2 mm anthers were collected at various 
intervals (samples CT-I, Figure 4A). Controls (untreated samples) were harvested during the day at 26°C, and 
samples D and G were harvested at the end of the recovery periods, after HS, at 26°C and after 30 min of light.
The results show that HsfA2 was rapidly induced in cv  Saladette after 1 h of HS but that the mRNA 
levels transiently declined quickly after 2 h HS (Figure 4B, samples A, B). Interestingly, the HsfA2 transcript was 
more strongly induced during the second HS treatments (sample E in Figure 4B) and was still detectable in the 
recovery periods and under prolonged HS treatments (samples D, G, H and I in Figure 4B). However, its protein 
level remained comparable to that in the control sample (samples D, G, H and I in Figure 4E).
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The mRNA expression patterns of both Hsp17-CII were similar to that of HsfA2 (Figure 4C, D), but Hsp17-CII 
protein accumulation was particularly strong only after prolonged HS regimes (samples F, G, H and I in Figure 
4E).
F igure 4: Expression analyses of HsfA2 and Hsp17-CII in 2 mm anthers after HS treatments.(A) The pictogram shows the 
time course of HS treatments. Arrows indicate the time points when the 2 mm anthers were harvested (CT-I). (B-D) qRT- 
PCR of HsfA2 (B), Hsp17.4-CII (C) and Hsp17.6-CII (D). Expression data were normalized using LeEF1 and 18s  rRNA as 
housekeeping genes. The mRNA levels of the target genes are relative to that of the sample CT (value 1). (E) 
Immunoblotting analyses showing protein levels of HsfA2 and Hsp17-CII in anthers at the same stages as in (B), (C) and (D). 
Ponceau staining of total protein was used as control for loading.
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H sfA 2  a n d  H sp17-C II e x p re s s e d  in  im m a tu re  p o lle n
In s itu  RNA hybridization on anthers harvested at various developmental stages was performed to 
determine in which anther tissues the H sfA 2  and H sp17-C II transcripts were present.
A ribo-probe corresponding to a fragment of the coding sequence of H sp17.4 -C II was synthesized. 
However, some sequence domains of H sp17 .4 -C II and H sp17.6 -C II are known to be highly conserved, 
implying that both messengers may hybridize to this probe. As expected, H sp17-C II mRNA was 
detected in anthers from plants subjected to HS for 2 h at 36°C, but not in the controls (Figure 5). In 
contrast, H sfA 2  transcripts could not be detected in any of these stages, most likely due to low mRNA 
abundance. In agreement with the results of the qRT-PCR, H sp17-C II transcripts were strongly 
accumulated in anthers at young stages, particularly in the pollen mother cells (Figure 5B). A signal was 
detected in 4 mm anthers in the microspores, bound together as tetrads in the pollen sac (Figure 5D, 
5E). H sp17-C II transcripts were not detected in 6 mm and 8 mm anthers (data not shown), which is in 
contrast with the results of the semi-quantitative PCR analysis reported in Figure 2B. One possible 
explanation for this discrepancy is that mature microspores at these stages are surrounded by an exine 
wall that obstructs the penetration of the probe.
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Figure 5: In situ RNA localization of Hsp17-CII at the 2 and 4 mm stages. Sections of 2 and 4 mm anthers from CT and HS 
samples (2 h at 36°C) were hybridized with antisense (A-E) and sense (F-J) probes. Accumulation of Hsp17-CII transcripts 
was detected in HS samples, particularly in pollen mother cells at the 2 mm stage (B) and in tetrads at the anther stage of 4 
mm (D, E).
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qRT-PCR and western blotting analyses were carried out on the developing pollen grains to confirm the 
presence of HsfA2 and Hsp17-CII. An increased level of HsfA2 and Hsp17.4 CII transcripts was 
observed in mature microspores isolated from 8 mm anthers harvested from plants subjected to the HS 
treatment for 2 h at 36°C (Figure 6A). The expression of these genes in dry pollen was also tested, as 
dry pollen grains develop from the microspores and are released at anther dehiscence. However, 
mRNAs of HsfA2 and Hsp17.4-CII were not detectable in the dry pollen from flowers at anthesis (data 
not shown) whereas the messenger RNA of Hsp17.6-CII was expressed at this stage in the CT and HS 
samples (Figure 6B). The accumulation of HsfA2 and the two Hsp17-CII proteins was observed in 
mature microspores in the CT and HS samples, as shown in Figure 6C. In contrast, HsfA2 protein was 
not detectable in the dry pollen, whereas Hsp17-CII persisted, most likely as a product of Hsp17.6-CII 
mRNA (Figure 6B, C).
Figure 6: HsfA2, Hsp17.4-CII and Hsp17.6-CII expression analyses in mature microspores (MM) and dry pollen (DRY) 
under CT conditions (26°C\19°C, day\night) and HS (2 h at 36°C). MM were isolated from 8 mm long anther and DRY from 
flower at anthesis. (A-B) mRNA levels of HsfA2 and Hsp17.4-CII (A) and Hsp17.6-CII mRNA (B) in MM and DRY pollen. The 
relative mRNA levels were measured using LeEF1 and 18S rRNA as housekeeping genes. (C) Protein levels of HsfA2 and 
Hsp17-CII in MM and DRY pollen. Ponceau staining of total proteins is given as the control for loading.
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Discussion
High temperatures can potentially disrupt tomato fruit set by causing damage to developing pollen grains (Sato et 
al., 2002). The high sensitivity of the developing pollen grain to hs is partly attributable to its incomplete hs 
response due to a defect in the accumulation of H sf and Hsp mRNAs (Frova et al., 1989; Gagliardi et al., 1995; 
Mascarehans & Crone, 1996). Hsp genes are also induced in a number of developmental pathways, such as 
seed maturation, embryogenesis and/or fruit maturation, in various other plant species (Waters et al., 1996; Neta- 
Sharin et al., 2005; Volkov et al., 2005; Kotak et al., 2007). However, the overproduction of Hsps can also 
interfere with normal developmental processes, as shown by maize plants carrying a mutation in the Empty 
Pericarp2 gene. This gene is normally a negative regulator of the heat shock response, but the presence of the 
mutation results in abortion or retarded embryogenesis (Fu et al., 2002).
The results reported here on the temporal and spatial regulation of HsfA2 and Hsp17-CII suggest possible 
roles for the H sf and Hsp genes in developmental processes. HsfA2 was more highly expressed in anthers than 
in other organs and was strongly activated when exposed to hs; this is similar to its expression in leaves (Mishra 
et al., 2002). HsfA2 was expressed early in young anthers, at the stage when, according to Brukhin et al. (2003), 
pollen mother cells are developing. Frank et al. (2009) reported the expression of these genes at the post-meiotic 
stage, presumably in the tetrads, under non-hs conditions.
It has been suggested that during these developmental processes Hsps may function as molecular 
chaperones for the folding/refolding of proteins involved in meiosis and tetrad formation (Bouchard, 1990; 
Atkinson et al., 1993; Reynolds, 1997). HsfA2 is an activator of Hsp genes and is likely to be involved in the 
regulation of Hsp activation during tomato pollen/anther development (Nishizawa et al., 2006; Schramm et al., 
2006; Oyawa et al., 2007). A similar function of transcriptional activator is well documented for Hsf members in 
animals and also for HsfA9 in Arabidopsis, where HsfA9 induces Hsp expression during seed maturation in 
coincidence with dormancy and desiccation tolerance (Kotak et al., 2007). Honys & Twell (2004) meticulously 
analyzed the transcriptome of the male gametophyte of Arabidopsis but were unable to identify transcripts of 
HsfA2. Given these data from earlier studies, the present results suggest that HsfA2 expression is differentially 
modulated between tomato and Arabidopsis. Consequently, the species-specific functional diversification 
previously documented for HsfA1 and HsfB1 may also be extended to HsfA2 in terms of its involvement in 
different developmental pathways (Bharti et al., 2004; von Koskull-Döring et al., 2007).
HsfA2 is known to be markedly activated in young anthers in response to hs regimes. Frank et al. (2009) 
reported that HsfA2 is strongly expressed in maturing tomato microspores experimentally treated with a short hs 
at 45°C. However, in the present study, HsfA2 was activated even with a mild hs (36°C), and its expression was 
maintained for several days when plants were subjected to this type of stress. This result indicates that HsfA2 
may even be involved in the hs response to milder stresses in order to enhance the expression of Hsp genes and 
to protect the pollen grains during development. Scharf et al. (1998) and Schramm et al. (2006) examined the 
kinetic expression characteristic of HsfA2 and demonstrated that this protein is also present at relatively high 
levels during the recovery period following the hs. As such, the behavior of HsfA2 resembles that of typical Hsp 
proteins in thermotolerant cells. In agreement with these data, in this study, the HsfA2 protein also remained at
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high levels in the anthers during the recovery periods. However, the decline in mRNA levels of Hsp17-CII 
observed during the recovery periods suggests that the HsfA2 protein was inactive. Port et al. (2004) observed 
that HsfA2 inactivation depends on its interaction with Hsp17.4-CII protein. The experimental data reported here 
suggest that a similar control mechanism may operate in anther/developing pollen grains.
The elucidated characteristics of HsfA2 make it an ideal and potent transcriptional activator in many 
environmental stress responses (Busch et al., 2005; Nishizawa et al., 2006; Zhang et al., 2009). In tomato, 
Mishra et al. (2002) reported that the essential component of the tolerance to high temperature is HsfA1 but that 
HsfA2 is sufficient to restore the thermotolerance in HsfA1-silenced protoplasts. An Arabidopsis T-DNA insertion 
mutant lacking HsfA2 expression is more sensitive to prolonged hs due to its decreased expression of Hsps and 
genes such as ascorbate peroxidase 2 (Schramm et al., 2006; Charng et al., 2007). Meiri & Breiman (2009) 
recently demonstrated that HsfA2 contributes to the thermotolerance of the Arabidopsis by mediating the 
translocation of a peptidyl prolyl cis/trans isomerase (ROF1) and Hsp90.1 protein complex from the cytoplasm to 
the nucleus. Interference in this shuttle system severely affects the expression of Hsps during hs recovery 
periods in Arabidopsis mutant lines and therefore also hinders the acquisition of thermotolerance following 
exposure to prolonged hs conditions. Recent evidence that maturing microspores of an hs-tolerant line have a 
higher HsfA2 basal level than an hs-sensitive one also suggests that this gene may contribute to pollen 
thermotolerance (Frank et al., 2009). However it cannot be excluded that other Hsfs are active during microspore 
development in tomato and that HsfA2 is only one example of such transcription factors. HsfA2 expression in dry 
pollen was not observed here. However, this absence of expression may be due to the fact that dry pollen is 
metabolically inactive as the cytoplasm is greatly dehydrated; therefore, no further protection should be required 
at this stage. In contrast, the Hsp17.6-CII transcript was detected in the dry pollen. It is therefore possible that this 
latter gene is activated at this stage by other transcriptional factors that are, in turn, regulated by the desiccation 
processes, as has been observed for other Hsps in Arabidopsis during seed maturation (Kotak et al., 2007).
In conclusion, the results from the study reported here show that HsfA2 and Hsp17-CII are activated early 
in the tomato diploid pollen mother cells before the microspores develop and that their expression is persistent 
under prolonged HS conditions until mature dry pollen is produced. The data suggest that HsfA2 may be directly 
involved in the activation of protection mechanisms in the tomato anther during hs and, thereby, may contribute to 
tomato fruit set under adverse temperatures.
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Abstract
There is considerable evidence indicating that HsfA2 is a versatile regulator involved in a variety of physiological 
events and in multiple stress responses. Our previous investigations in Chapter 3 showed that this gene is 
developmentally regulated in tomato anther, and then highly expressed under high temperatures. The strong 
induction of HsfA2 found into the mature microspores of the heat tolerant line suggests that it may be an 
important contributing factor to confer stress tolerance to the pollen grains. We therefore investigated the 
expression changes of HsfA2 and the Hsp17-CII in developing anther/pollen grains from a heat sensitive tomato 
line cv Pull. HsfA2 was more activated in Pull at youngest stages of the anther and strongly induced after hs. The 
Hsp17-CII transcripts were localized in pollen mother cells and tetrads, while HsfA2 mRNA and protein were 
present at high level in the mature microspores under hs. We did not notice significant differences in the 
expression patterns of HsfA2 and Hsp17-CII between Pull and Saladette at normal conditions or under 
temperature changes. These results seem to suggest that in these tomato lines HsfA2 and Hsp17-CII are 
expressed at good level and, therefore, are not directly implicated in the thermo-tolerance of the pollen grains.
Introduction
Plants exposed to high temperatures exhibit a characteristic set of cellular and metabolic responses that is 
essential to survive under stressful conditions. One of the most important adopted mechanisms is the sudden 
increase of the synthesis of Hsps by the fast activation of Hsfs, with protection of the cellular components as a 
consequence (Krishna, 2003; Senthil-Kumar et al., 2007). Acquired stress tolerance to high temperatures is a 
complex trait that in plants depends on many attributes, as demonstrated by several investigations and crop 
improvement efforts. However, in many species the ectopic expression of a single gene, belonging to the Hsf/Hsp 
family, was shown to confer some level of thermo-tolerance (Sun et al., 2002; von Koskull-Doring et al., 2007).
The key role of Hsf/Hsp genes in thermo-tolerance mechanisms was also demonstrated by the analyses 
of mutants. Hong & Vierling, (2000) observed that the Arabidopsis hot1 mutant exhibited a severe hs phenotype 
due to a mutation in the gene encoding for the Hsp101 protein. A different ability to modulate Hsps was also 
reported in contrasting genotypes of various plant species. Krishnan et al. (1989) noticed that unique Hsps 
accumulated in the thermo-tolerant lines of wheat, but were not detectable in the susceptible lines. Similar 
evidences came from the heat tolerant cultivars of bentgrass (Agrostic stolonifera cv. palustris), and from heat 
resistant lines of maize with an increased expression of the EF1 gene, encoding for a 45 kD Hsp protein (Wang & 
Luthe, 2003; Momcilovic & Ristic, 2007). In contrast with the Hsps, the developmental expression of Hsfs in 
contrasting genotypes is poorly understood. Senthil-Kumar et al. (2003) observed that tolerant cultivars of 
sunflower (Helianthus annuus L.) had a significant increased basal level of HsfA2 as compared to the sensitive 
parental lines. A consistent basal level of HsfA2 was also recently found in the mature microspores of a hs 
tolerant tomato line (Frank et al., 2009). As key regulator in the induction of defense and stress response system, 
HsfA2 is especially required for sustaining the Hsps expression and for extending the duration of hs tolerance, 
particularly when plants are exposed to prolonged hs conditions (Nishizawa et al., 2006; Schramm et al., 2006;
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Charng et al., 2007; Meiri & Breiman, 2009). Li et al. (2005) found that in Arabidopsis T-DNA lines the disruption 
of HsfA2 caused a reduction in the expression of some hs genes and, consequently, in the hs tolerance or in the 
response to the oxidative stress. In these lines, some alterations may be correlated to the low expression of the 
antioxidant enzymes such as APX that removes ROS species, particularly from the mitochondria (Schramm et al., 
2006; Zhang et al., 2009). A reduced responsiveness to cytoplasmic unstable and misfolded protein 
accumulations was more recently described in hsfA2 mutants of Arabidopsis due to the low expression of 
Hsp70A, a chaperone protein involved in the cellular homeostasis (Sugio et al., 2009). Overall, these 
observations suggest that HsfA2 is a versatile regulator involved in a variety of physiological events, and in 
multiple stress responses.
Previously, investigations conducted in our lab demonstrated that HsfA2 and Hsp17-CII are also activated 
by short /prolonged mild hs in the developing anther/pollen grains from a hs tolerant tomato line (Chapter 3). To 
get new insights into the possible role of HsfA2 in anther/pollen thermotolerance, we extended our analyses to 
the tomato line cv  Pull, reported as hs sensitive line during fruit set. Our data collectively demonstrate that HsfA2 
is finely modulated also in Pull during development and after hs. The comparison of expression profiles of the two 
tomato lines with contrasting hs tolerance suggests that HsfA2 and Hsp17-CII expression do not restrict 
thermotolerance of the anther and pollen grains in the heat sensitive cultivar.
Materials and methods
P la n t m a te ria l, g ro w th  a n d  h s  tre a tm e n ts
To investigate the expression of HsfA2 and Hsp17-CII in the thermotolerance of pollen/anther, tomato plants from 
the heat sensitive line cv  Pull (Solanum lycopersicum) were grown together with Saladette in growth chambers. 
Flower buds of Pull containing anthers of 2, 4, 6, and 8 mm long were collected at control conditions (CT, 
26°C/19°C day/night). From the same plants mature microspores and dry pollen were obtained from 8 mm long 
anthers and from flowers at anthesis stage, respectively. Heat stress was applied to plants in the form of high 
temperature at 36°C. Anthers of 2 mm were collected after short HS treatments for 1, 2 and 6 h at 36°C and after 
recovery period at 26°C (samples A, B, C and D in Figure 2A). From the same treated plants, 2 mm long anthers 
were also harvested on day 2 and day 7 after 1 and 6 h of HS at 36°C (samples E, F, H and I in Figure 2A). The 
D and G recovery samples were taken at 26°C after 30 min of light acclimation to avoid interferences from the 
circadian rhythm. Anthers of 4, 6 and 8 mm in length, mature microspores from 8 mm anther and dry pollen from 
flowers at the anthesis were also collected from Pull after HS of 2 h at 36°C.
R N A  is o la t io n  and  rea l t im e  PCR
Total RNA was isolated and cDNA template preparation was performed using the same methodologies as 
described in C hapter3. The relative mRNA levels of HsfA2, Hsp17.4-C II and Hsp17.6-C IIwere determined using 
the specific primers reported in materials ad methods of Chapter 3. The quantification of the relative mRNA level 
was performed using the method indicated in Chapter 3 and LeEFI and 18S rRNA  as references. To compare
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the expression levels of HsfA2 and Hsp17.4 CII between the two tomato lines, the mRNA of 2 mm long anthers 
from Pull grown at CT was used as calibrator to calculate the mRNA relative level of Saladette for that particular 
gene. The figures shows the expression patterns relative to one biological replica with the error bars based on 
one technical repeat. Semi-quantitative PCRs of HsfA2 and Hsp17.4-CII mRNAs were performed using the 
methodology described in Chapter 3.
In  s itu  R N A  h y b r id iz a t io n
Anthers of 2 and 4 mm length from Pull, grown at CT and exposed to 2 h of HS at 36°C, were embedded in 
paraplast for in situ mRNA localization experiments. The Hsp17-CII ribo-probe preparation and in situ 
fixation/paraplast embedded samples were performed as described in the Chapter 3 and by Nitsch et al. (2009).
P ro te in  is o la t io n  a n d  im m u n o b lo tt in g
Protein sample preparations for immunoblotting analyses were performed by using the methodologies described 
in Chapter 3. Anthers at 2 mm stage were collected at various intervals of HS (samples CT-I in Figure 2A). 
Mature microspores and dry pollen at CT and after 2 h of HS at 36°C were collected from 8 mm long anthers and 
from flower at anthesis stage, respectively.
Results
H sfA 2  a n d  H sp17.4C II d u r in g  a n th e r d e v e lo p m e n t in  P u ll
In order to analyze the function of HsfA2 in the hs tolerance mechanism during anther/pollen development, we 
examined the expression of HsfA2 and Hsp17.4-CII in the heat sensitive line Pull by qRT-PCR. At normal 
conditions (26°C/19°C) HsfA2 and Hsp17.4CII transcripts were present in 2, 4, 6 and 8 mm long anthers with 
highest levels found at the youngest stage (Figure 1). A strong induction of HsfA2 and Hsp17.4-CII expression 
was observed in anthers of Pull after 2 h of HS at 36°C.
We then investigated the HS influence on the HsfA2 transcript level in 2mm long anthers from Pull during the HS 
time course experiment shown in Figure 2A. Young anthers of 2 mm were harvested from Pull plants at various 
intervals, after short /prolonged HS at 36°C and after the recovery period at 26°C (samples CT-I, Figure 2A).
A rapid induction of HsfA2 messenger was observed in the heat sensitive line after 1 h of HS on day 1, but its 
transcript transiently declined after 2 h of HS (samples A, B Figure 2B).
Interestingly, the HsfA2 accumulation in Pull was less on day 2 and day 7 as compared to day 1, but its protein 
level remained still comparable to the control sample (samples E, H in Figure 2B and E).
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Similarly to HsfA2 expression patterns, we noticed that Hsp17-CII messengers were rapidly induced in Pull by the 
high temperatures (Figure 2C and D). A more significant level of Hsp17-CII proteins was however detectable only 
after prolonged HS conditions (samples H, I in Figure 2E).
F igure 1: Relative mRNA expression levels of HsfA2 and Hsp17.4-CII in Pull at CT conditions (26°C/19°C day/night) and 
after 2 h HS at 36°C.Flower buds were harvested from cv Pull to obtain 2, 4, 6 and 8 mm long anthers. The relative mRNA 
expression was calculated by qRT-PCR. LeEF1 and 18S rRNA were used as housekeeping genes. For each gene, the 6 
mm CT sample was used as calibrator to calculate the relative mRNA level in the other anther samples for that particular 
gene. (A) Relative mRNA levels of HsfA2. (B) Relative mRNA levels of Hsp17.4-CII.
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Figure 2: Expression analyses of HsfA2 and Hsp17-CII in 2mm long anthers of Pull after HS treatments. (A) The pictogram 
shows the time course of HS treatments. Arrows indicate the time points when the 2 mm long anthers were harvested (CT-I). 
(B) Relative mRNA levels of HsfA2. (C) Relative mRNA levels of Hsp17.4-CII. (D) Relative mRNA levels of Hsp17.6-CII. 
Expression data were normalized using LeEF1 and 18S rRNA as housekeeping genes. mRNA from 2 mm long anthers at 
CT were used as calibrator sample. (E) Immunoblot analysis showing protein levels of HsfA2 and Hsp17-CII in anthers at the 
same stage as in (B), (C) and (D). Ponceau staining of total proteins was used as control for loading.
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H sfA 2  a n d  H sp17-C II a re  e x p re s s e d  in  im m a tu re  p o lle n  o f  P u ll
In situ RNA hybridization experiments were performed on anthers at various developmental stages from Pull in 
order to localize the messengers of HsfA2 and Hsp17-CII. We observed that Hsp17-CII transcripts were only 
detectable in 2 and 4 mm long anthers after 2 h of HS. Figure 3A shows the results of this experiment and the 
accumulation of Hsp17-CII mRNA in the gametophytic cells. The Hsp17-CII mRNA was found in the pollen 
mother cells and tetrads (Figure 3A). We could not detect the transcripts of HsfA2 at these anther stages of Pull. 
In contrast with these results, we observed higher levels of HsfA2 mRNA/proteins in the mature microspores, 
although we did not detect it in the dry pollen (Figure 3B and C).
F igure 3: In situ RNA localization of Hsp17-CII, HsfA2 expression in mature microspores and dry pollen.
(A) Sections of anthers at the stage 2 and 4 mm in length from CT 26°C\19°C day\night) and 2 h of HS at 36°C were 
hybridized with antisense (A-D) and sense (F-I) probes. Accumulation of Hsp17-CII transcripts was detected in HS samples, 
particularly in pollen mother cells at the stage 2 mm (B) and in tetrads at the stage of 4 mm anthers (D).
(B) Relative mRNA level of HsfA2 in mature microspores (MM) from 8 mm long anthers at CT (26°C/19°C day/night) and 
after 2 h of HS. Expression data were normalized using LeEF1 and 18S rRNA as housekeeping genes.
(C) Immunoblotting analysis of HsfA2 in MM and DRY at CT and HS conditions. Ponceau staining of total proteins was used 
as control for loading.
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H sfA 2  s h o w s  o n ly  s l ig h t  e x p re s s io n  d iffe re n c e s  b e tw e e n  S a la d e tte  a n d  P u ll in  y o u n g  a n th e rs
Cultivars with high ability to cope with hs may have a more enhanced expression of stress protective genes than 
the corresponding susceptible lines (Wahid et al., 2007; Senthil-Kumar et al., 2007). We therefore compared the 
messenger levels of HsfA2 in the developing anthers from Pull and Saladette by qRT-PCR. In these experiments, 
for each gene the mRNA sample 2 mm long anther of Pull at control condition was used as calibrator sample to 
calculate the relative mRNA level in corresponding samples of Saladette for that particular gene. During 
development, HsfA2 and Hsp17.4-CII were more expressed in Pull than in Saladette, particularly at the younger 
stage (Figure 4A and B). Despite these transcriptional dissimilarities, we did not notice significant differences in 
the accumulation of HsfA2 and Hsp17-CII proteins in anthers of the two cultivars (Figure 4C).
F igure 4: Expression analyses of HsfA2 and 
Hsp17-CII during anther development in Pull and 
Saladette. The relative mRNA expression level of 
HsfA2 and Hsp17-CII was calculated using 
LeEF1 and 18S rRNA as references to normalize 
the data. For each gene, the mRNA of 2 mm long 
anthers from Pull at CT was used as calibrator 
sample to measure the transcriptional abundance 
at all anther stages of Pull, and in Saladette for 
that particular gene. (A) Relative mRNA levels of 
HsfA2 and (B) Hsp17.4-CII in Pull and Saladette 
during anther development at CT. (C) 
Immunoblot analyses of the proteins isolated 
from the same samples as in (A) using specific 
antisera against HsfA2 and Hsp17-CII. Ponceau 
staining of total proteins was used as control for 
loading.
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We then investigated the regulation of HsfA2 and Hsp17.4-CII in the two tomato lines after exposure to 
short/prolonged HS conditions. Figure 5 shows that the mRNA of HsfA2 was less abundant in Saladette than in 
Pull after 1 h of HS at 36°C on day 1 and day 2 (samples A and E in Figure 5A). In contrast, HsfA2 mRNA level 
was slightly higher observed in Saladette than in Pull after 2 and 6 h of HS on day 1 (samples B, C in Figure 5A). 
We did not notice consistent dissimilarities of HsfA2 expression in the two lines after the recovery periods on day 
2 and day 7, as shown by the semi-quantitative PCR of Figure 5C. Similarly to HsfA2, comparable variations of 
the Hsp17.4-CII transcripts were observed between Saladette and Pull under short/prolonged HS or after the 
recovery periods (Figure 5B and C).
Figure 5: Transcript levels of 
HsfA2 and Hsp17.4-CII in Pull and 
Saladette in 2 mm long anthers 
after HS of 36°C and recovery 
periods. To compare the mRNA 
levels from Pull with those of 
Saladette, the sample 2 mm long 
anther at CT conditions from Pull 
was used as calibrator to calculate 
the relative mRNA for that 
particular gene in Saladette anther 
samples. As housekeeping genes 
LeEF1 and 18S rRNA were used to 
normalize the data. (A) Relative 
mRNA levels of HsfA2 after 1, 2 
and 6 h of HS at 36°C on day 1 
(samples A, B, and C), after 
recovery periods and 1, 6 h of HS 
on day 2 (samples D, E and F). (B) 
Relative mRNA levels of Hsp17.4- 
CII in the same samples as in (A). 
(C) Semi-quantitative RT-PCR of 
HsfA2 and Hsp17.4-CII after the 
recovery periods on day 2 and day
7 in Pull and Saladette. As internal 
controls the LeEF1 and 18S rRNA 
transcripts were monitored.
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Discussion
Many recent investigations have emphasized that the generation of tomato varieties, able to produce pollen 
grains with higher hs tolerance, should be a primary goal of biotechnology applications. These reproductive cells 
are severely damaged by hs causing a decreased fertility which is one of major contributing factors that annually 
decrease the productivity of tomato (Peet et al., 1998). The examination of protective genes in developing 
anther/pollen grains from contrasting genotypes of a same species is a useful tool to identify putative genes 
associated to stress tolerance during fruit set. Heat tolerance is a polygenic trait influenced by different 
environmental factors under field conditions (Wahid et al., 2007). One protective mechanism conferring heat 
tolerance is based on the strong induction of Hsf/Hsp genes (Senthil-Kumar et al., 2007). Our previous 
investigations indicated that HsfA2 is transcriptional activator of the Hsp genes such as Hsp17-CII in tomato 
flower/anther during development at normal and at high temperatures (Chapter 2 and 3).
To better dissect the HsfA2 function in the acquisition of pollen/anther thermotolerance, we examined its 
expression profile in the heat sensitive line Pull. Under normal temperature conditions, HsfA2 expression was 
found similar to that of the heat tolerant line Saladette. Senthil-Kumar et al. (2003) reported that heat tolerant 
varieties of sunflower had a higher basal HsfA2 expression level than the heat sensitive ones. More recently, 
similar evidences were shown by Frank et al. (2009) who demonstrated high basal level of HsfA2 in the mature 
microspores of hs tolerant lines of tomato. In contrast with these data, our analyses indicated that HsfA2 was 
more abundantly transcribed in Pull than in Saladette, particularly in 2mm long anthers. However, we did not 
detected relevant dissimilarities in the protein level from the two lines at normal temperature. These discrepancies 
between transcript and protein levels may be due to the high stability of HsfA2 protein as reported in previous 
studies (Scharf et al., 1998). Port et al. (2004) have observed that HsfA2 is recruited into hs granule complexes 
by the interaction with Hps17.4-CII. It is therefore possible that HsfA2 recruitment /release from hs granules may 
be different in the two tomato lines, but so far we do not have any evidence for this kind of processes.
Ahn et al. (2004) observed that Hsp accumulation in potato cultivars with contrasting hs performance is 
considerable different at various temperature intervals. We could not however detect any significant differences in 
the HsfA2 and Hsp17-CII expression changes between Pull and Saladette under short or prolonged HS 
conditions. Schramm et al. (2006) and Nishizawa et al. (2006) observed that in Arabidopsis the hsfA2 knockdown 
lines do not manifest a strong thermo-sensitive phenotype after short hs treatments. However, Charng et al. 
(2007) found that the same hsfA2 mutant was affected by stressful conditions after prolonged hs regimes. The 
thermo-sensitive phenotype of this mutant was especially attributed to the fast decline of Hsps such as Hsp25.3- 
P and Hsa32 proteins, particularly during the recovery period. Meiri & Breiman, (2009) also suggested that the 
translocation of R0F1-Hsp90 complex after HsfA2 interaction, from the cytoplasm to the nucleus, is important for 
the continuity of Hsps expression during the recovery period. In our tomato lines, the HsfA2 and Hsp17.4-CII 
patterns were not significantly different after the recovery periods. These results seem to suggest the other 
Hsf/Hsp members may be differentially modulated in tomato developing anther/pollen grains at the recovery 
period. Despite the basic similarity of HsfA2 genes between tomato and Arabidopsis, our results and those of 
others (Mishra et al., 2002; Chang et al., 2007; Frank et al. 2009) seem to strengthen the concept that the Hsf
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members can exhibit a striking functional diversification in the different plant species in developmental programs 
as well as in response to hs.
The present characterization of HsfA2 expression profiles suggests that HsfA2 may not account for the 
differences in thermo-tolerance between Saladette and Pull. However, we cannot exclude that HsfA2 may 
participate to pollen thermo-tolerance by cooperating with other Hsf genes to ensure the tight hs gene regulation. 
A clear understanding of HsfA2's role therefore demands the expression analysis of the other Hsfs in anther. All 
together, the Hsfs may be organized in a complex interacting network to maintain the activation of hs genes and 
to protect pollen grains against high temperatures.
R e fe re n c e s
Ahn YJ, Claussen K, Zimmerman JL. 2004. Genotypic differences in the heat shock response and thermotolerance in four 
potato cultivars. Plant Science 166, 901-911.
Charng YY, Liu HC, Liu NY, Chi WT, Wang CN, Chang SH, Wang TT. 2007. A heat-inducible transcription factor, HsfA2, is 
required for extension of acquired thermotolerance in Arabidopsis. Plant Physiology 143, 251-262.
Frank G, Pressman E, Ophir R, Althan L, Shaked R, Freedman M, Shen S, Firon N. 2009. Transcriptional profiling of 
maturing tomato (Solanum lycopersicum L.) microspores reveals the involvement of heat shock proteins, ROS scavengers, 
hormones, and sugars in the heat stress response. Journal of Experimental Botany 60, 3891-3908.
Hong SW, Vierling E.2000. Mutants of Arabidopsis thaliana defective in the acquisition of tolerance to high temperature 
stress. Proc Natl Acad Sci USA 97, 4392-4397.
Krishna P. 2003. Plant responses to heat stress. Plant Responses to Abiotic Stress eds Springer Berlin/Heidelberg, 73-101.
Krishnan M, Nguyen HT, Burke JJ.1989. Heat Shock Protein Synthesis and Thermal Tolerance in Wheat. Plant Physiology 
90, 140-145.
Li C, Chen Q, Gao X, Qi B, Chen N, Xu S, Chen J, Wang X. 2005. AtHsfA2 modulates expression of stress responsive 
genes and enhances tolerance to heat and oxidative stress in Arabidopsis. Sci China C Life Sci 48, 540-550.
Meiri D, Breiman A. 2009. Arabidopsis R0F1 (FKBP62) modulates thermotolerance by interacting with HSP90.1 and 
affecting the accumulation of HsfA2-regulated sHSPs. The Plant Journal 59, 387-399.
Mishra SK, Tripp J, Winkelhaus S, Tschiersch B, Theres K, Nover L, Scharf KD. 2002. In the complex family of heat 
stress transcription factors, HsfA1 has a unique role as master regulator of thermotolerance in tomato. Genes & 
Development 16, 1555-1567.
Momcilovic I, Ristic Z. 2007 Expression of chloroplast protein synthesis elongation factor, EF-Tu, in two lines of maize with 
contrasting tolerance to heat stress during early stages of plant development Journal of Plant Physiology 164, 90-99.
Nishizawa A, Yabuta Y, Yoshida E, MarutaT, Yoshimura K, Shigeoka S. 2006. Arabidopsis heat shock transcription 
factor A2 as a key regulator in response to several types of environmental stress. The Plant Journal 48, 535-547.
Peet MM, Sato S, Gardner RG. 1998. Comparing heat stress effects on male-fertile and male-sterile tomatoes. Plant Cell 
and Environment 21, 225-231.
88
Chapter 4
Scharf KD, Heider H, Höhfeld I, Lyck R, Schmidt E, Nover L. 1998. The tomato Hsf system: HsfA2 needs interaction with 
HsfA1 for efficient nuclear import and may be localized in cytoplasmic heat stress granules. Molecular and Cellular Biology 
18, 2240-2251.
Schramm F, Ganguli A  , Kiehlmann E, Englich G , Walch D, von Koskull-Döring P. 2006. The heat stress transcription 
factor HsfA2 serves as a regulatory amplifier of a subset of genes in the heat stress response in Arabidopsis. Plant Molecular 
Biology 60, 759-772.
Senthil-Kumar M, Srikanthbabu V, Mohan Raju B, Ganeshkumar, Shivaprakash N, Udayakumar M. 2003. Screening of 
inbred lines to develop a thermotolerant sunflower hybrid using the temperature induction response (TIR) technique: a novel 
approach by exploiting residual variability. Journal of Experimental Botany 54, 2569-2578.
Senthil-Kumar M, Kumar G, Srikanthbabu V, Udayakumar M. 2007.Assessment of variability in acquired thermotolerance: 
potential option to study genotypic response and the relevance of stress genes. Journal of Plant Physiology 164, 111-125.
Sugio A, Dreos R, Aparicio F, Maule AJ. 2009. The cytosolic protein response as a subcomponent of the wider heat shock 
response in Arabidopsis. The Plant Cell 21, 642-654.
Sun W, Van Montagu M, Verbruggen N. 2002. Small heat shock proteins and stress tolerance in plants. Biochimica and 
Biophysica Acta 1577, 1-9.
von Koskull-Döring P, Scharf KD, Nover L. 2007. The diversity of plant heat stress transcription factors. Trends Plant Sci 
12, 452-457.
Wahid A, Gelani S, Ashraf M, Foolad MR. 2007.Heat tolerance in plants: an overview. Environmental and Experimental 
Botany 61, 199-223.
Wang D, Luthe DS. 2003. Heat Sensitivity in a Bentgrass Variant. Failure to Accumulate a Chloroplast Heat Shock Protein 
Isoform Implicated in Heat Tolerance. Plant Physiology 133, 319-327.
Zhang L, Li Y, Xing D, Gao C. 2009. Characterization of mitochondrial dynamics and subcellular localization of ROS reveal 
that HsfA2 alleviates oxidative damage caused by heat stress in Arabidopsis. Journal of Experimental Botany 60, 2073-2091
89

Chapter 5
Transcriptional analyses of Heat stress transcriptional factors 
in tomato anther and pollen grains under heat stress
Filom ena G iorno, W im H. Vriezen, K laus-D ie te r S ch a rf a n d  C elestina M arian i

Chapter 5
Abstract
Tomato Hsfs belong to a highly conserved family with at least 15 members forming a redundant and flexible gene 
network that controls the response to different stress conditions, including biotic and abiotic stresses. In the 
developmental programs of tomato anthers the Hsf role is still virtually unexplored and only restricted to few 
components such as HsfA2. We have previously shown that HsfA2 is involved in the regulation of Hsps in anthers 
and pollen grains, but we could not conclusively demonstrate HsfA2 role in the thermotolerance mechanisms of 
anther/pollen grains by comparing the expression levels in the two lines, the heat tolerant cv  Saladette and the 
heat sensitive cv  Pull. Here, we undertook a transcriptional approach to select H sf genes that are activated in 
developing anthers under temperature changes and to ascertain whether another H sf could account for 
differences in thermo-tolerance between Saladette and Pull. Using semi-quantitative and qRT-PCR, we have 
identified HsfA1a, HsfA3, HsfA4a, HsfA8, HsfA9, HsfB1, HsfB2a and HsfB3 as genes regulated during 
anther/microspore development in tomato. The transcriptional levels of these H sf genes were increased under a 
mild hs at 36°C, and differences in the transcript abundances in the two cultivars were detectable in young 
anthers. These observations suggest that the HS response system is activated in young anthers to protect 
developing pollen against adverse temperatures.
Introduction
The hs response is characterized by a rapid reprogramming of gene expression and is primarily regulated at the 
transcriptional levels by Hsfs. Hsfs are a group of transcription factors highly conserved in all eukaryotes. 
Organisms such as yeast, fruit-fly and vertebrates contain one to three genes encoding for Hsfs (Pirkkala et al., 
2001). In contrast, the plant genome encodes a extraordinarily complex Hsf family both in term of total number of 
genes (usually more than 20) as well as in term of the structural and functional diversification of these proteins 
(Baniwal et al., 2004, von Koskull-Döring et al., 2007). Hsfs have a modular structure with an N-terminal DNA 
binding domain (DBD) that specifically binds to the heat shock elements (HSE) in the target promoters, a heptad 
hydrophobic repeat (HR A/B) required for oligomerization, a nuclear localization signal (NLS) enriched in basic 
aminoacids and in most cases a C-terminal transcriptional activation domain (CTAD) (Nover et al., 2001). Based 
on details of their oligomerization domains, plant Hsfs are grouped into classes A, B and C (Nover et al., 2001; 
Baniwal et al., 2004). Even though the similarity of conserved signature sequences is high, the Hsf network is 
strongly diversified between the different plant species, and it changes in a tissue specific manner or in response 
to stress conditions (Miller & Mittler, 2006).
Investigations on this functional and structural diversification are currently limited to few members mostly 
involved in multiple stress responses (von Koskull-Doring et al., 2007). The Hsfs, assigned to classes B and C, 
have no evident function as transcription activators. Some of them, e.g. the tomato HsfB1, are co-regulators 
cooperating with HsfA genes, and are important for maintaining/restoring the housekeeping gene expression 
during hs (Bharti et al., 2004). A considerable progress in understanding the plant Hsf family was however
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obtained by analyzing several A-type Hsfs such as HsfA1a, A2, A3, A4, A5 and A9. HsfA1a was characterized as 
master regulator of the hs response in tomato and HsfA2 as the dominant Hsf member in thermo-tolerant cells of 
Arabidopsis (Mishra et al., 2002; Chang et al., 2007). HsfA3 was shown to have a high similarity with HsfA1a and 
HsfA2, but in contrast with these Hsfs, its hs transcriptional control is mostly dependent on DREB2A, a 
dehydration-responsive element binding protein 2A (Bharti et al., 2000; Schramm et al., 2008). An interesting new 
aspect of the diversification of the class A members was reported by the identification of the rice mutant spl7  
(Yamanouchi et al., 2002). This mutant contains a defect in the HsfA4d  gene that makes the leaves extremely 
sensitive to small stress doses with the consequent induction of spontaneous necrotic lesions. A deep analysis of 
the HsfA4 types revealed that they act as anti-apoptotic factors by controlling the homeostasis of the ROS 
(Davletova et al., 2005; Miller & Mittler, 2006). The HsfA4 activity is selectively inhibited by HsfA5 that is therefore 
considered as pro-apoptotic Hsf (Baniwal et al., 2007).
Besides the activation of stress protective genes, some HsfA members can also induce a dwarf phenotype 
by arresting cell proliferation via transcriptional regulation of the target genes (Ogawa et al., 2007, Yokotani et al., 
2008; Yoshida et al., 2008; Zhu et al., 2009). This retardation of the growth is always observed in aerial plant 
organs, and it is considered as an important mechanism to preserve energy supply for coping with adverse 
environmental conditions (Osorio et al., 1998). The recent characterization of HsfA9 as transcriptional activator 
inducing Hsp genes during plant embryogenesis/seed maturation suggests that the A-type Hsf can also respond 
to developmental cues and, therefore, it is not only activated by stress stimuli (Kotak et al., 2007; Prieto-Dapena 
et al., 2008).
We undertook a transcriptional approach to identify other Hsf members, different from HsfA2, that are activated in 
developing anthers/microspores after hs in tomato. The data from the present study collectively demonstrate that 
distinct Hsf genes, belonging to A and B classes, are induced at different levels in Saladette and Pull after hs. 
The biological implication of the activation of Hsfs in developing anthers will be discussed.
Materials and methods
P la n t m a te ria l, g ro w th  a n d  h s  tre a tm e n ts
Tomato plants from the heat tolerant cv  Saladette (Solanum lycopersicum) were grown under controlled 
temperature conditions as described in Chapter 3. The flower buds of Saladette, containing anthers of 2, 4, 6, and
8 mm long, were collected at control conditions (CT, 26°C/19°C day/night). From the same plants mature 
microspores (MM) and dry pollen (DRY) were obtained from 8 mm long anthers and from flowers at anthesis, 
respectively. Heat stress was applied to plants in the form of high temperature at 36°C as described in Chapter 3. 
Young flower buds, containing anthers of 2 mm in length, were collected from Saladette after short and prolonged 
HS treatments (samples CT-I in Figure 3A) as reported in materials and methods of Chapter 3. Flower buds 
containing 2 mm long anthers at CT and following 2 h of HS at 36°C were also harvested from the heat sensitive 
line cv  Pull.
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R N A  is o la t io n  and  rea l t im e  PCR
Isolation of total RNA from anthers/pollen grains and cDNA template preparation were performed using the same 
methodologies described in Chapter 3. The quantification of the relative mRNA level was performed by Bio-Rad 
outlined methodology based on Vandesompele et al. (2002) and the LeEF1 and 18S rRNA were used as 
references. To compare the expression levels of H sf genes between the two tomato lines, cDNA templates from 2 
mm long anthers at CT and following 2 h of HS at 36°C were run in same qRT-PCR experiment. The mRNA 
relative levels were calculated using as calibrator the sample with lowest Ct data. The expression patterns were 
obtained from two biological replicas. Semi-quantitative PCRs were performed using 5 pL of 10 fold diluted 
cDNA, buffer IV, 2.5 mM MgCl2, 0.5 unit of Red Hot Taq DNA polymerase (all from ABgene Limited, Epson, 
Surrey, UK), 0.4 mM dNTPs (Fermentas, St. Leon-Rot, Germany), and 0.1 pM primers in a reaction of 30 cycles, 
each comprising of 30 s at 95°C (denaturation), 30 s at 58°C (primer annealing) and 30 s at 72°C (extension 
time).
A c c e s s io n  n u m b e rs
Sequence data of the Hsfs analyzed in the present work can be found in the GenBank/TIGR EST database under 
following accession numbers. The primers used in gene expression analyses were:
HsfA1a (TC200151): Forw :5'-GGCACATGTTCCGAAATCATC-'3, Rev: 5'-CAGCACCTGGAGACAAACTACC-'3; HsfA3 
(TC201745 and TC203870): Forw: 5'-AAGAACGGTGATGCTGGTATGG-'3, Rev: 5'-TCCACAACTGTATTGAAATCTGGG-'3; 
HsfA4a (TC191868): Forw: 5'-ACCTTTTGGGAGTATACACTGCG-'3, Rev: 5'-CAGTCTCTACTCGGTTTTCTGGC -'3;
HsfA4b (TC195991): Forw: 5'-TTTCGAGCATACACATTCCCC-'3, Rev: 5'-TGCCAAAATACATCATTACCCG-'3; HsfA5 
(TC201800 and TC205096): Forw: 5'- CTCAAGACTGCATTCCTTGCC-'3, 5'-AGGAGGGATTTTGTCATTGGC-'3; HsfA6 
(TC207965): Forw: 5'-GCTAATGAAGGTTTTCTGAGAGGG-'3, Rev: 5'-TGAGAACCTGCTTGTCGCG-'3; HsfA7 (TC215472): 
Forw: 5'-AGAGTTTCCAGGTTCAAGTTCTGGT-'3, Rev: 5'-TCGAAAAGGAATGAGGATCCC-'3; HsfA8 (TC193107): Forw: 
5'- CCAATAACAGAGAATAATGAAGGCG-'3, Rev: 5'- ATAAGCGGGTTGGGATCCC-'3; HsfA9 (TC208542): Forw: 
5'-GGGAAATAACAGCAG CCCG-'3, Rev: 5'-GTT GGACCAT CCTAACT CT CGC -'3; HsfB1 TC195033 and TC211672): 
Forw: 5'- TGAACTATGTGTTGAGGTTGGAGC-'3, Rev: 5'-GCATTTGACTTGATAGCAGTCTGC -3; HsfB2a TC206606): 
Forw: 5'- GGAAAGTAGTACCTGATCGATGGG-'3, Rev: 5'- CAGAGGTAGATACAGCCACCGG-'3; HsfB3 (EST527978): 
Forw: 5'-TTACAACAAGTCAATGGGAGTTCAG-3', 5'-TCAACCTTTTATTTTCGTCGACAAG-3'; HsfC1 (TC196563 and 
TC195387): Forw: 5'-CATTTCACTCACCCGACGC-3', Rev: 5'-TTGTTGGTTCATCCACGCC-3'.
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Results
H s f g e n e s  e x p re s s e d  in  d e v e lo p in g  a n th e rs
To identify potential Hsfs that may cooperate with HsfA2 in the activation of Hsps in developing anthers and 
pollen grains, the transcriptional levels of all 15 genes from the tomato H sf family were analyzed in the heat 
tolerant tomato line cv  Saladette. The messengers of HsfA1b, HsfA1c, HsfA4b, HsfA5, HsfA6, HsfA7  and C1 
were not detectable in these organs at CT conditions (26°C/19°C day/night) by semi-quantitative PCR (data not 
shown). As represented in Figure 1, all other genes, i.e HsfA1a, HsfA3, HsfA4a, HsfA8, HsfA9, HsfB1, HsfB2a 
and HsfB3, were expressed in the developing anthers and some of them at a lower level in mature microspores 
(MM in Figure 1). Only HsfA3, HsfA8, HsfA9 and HsfB1 transcripts were still detectable in pollen grains at dry 
stage (DRY in Figure 1).
F igure 1: Analyses of Hsf genes in 2, 4, 6, and 8 mm long 
anthers, and in mature microspore (MM), and dry pollen (DRY). 
The anthers of different length were obtained from flower buds 
of Saladette, grown at CT conditions (26°C\19°C day\night). 
The mRNA levels of the Hsfs were analyzed by semi­
quantitative PCR. LeEF1 and 18S rRNA were monitored as 
controls. NCT sample corresponds no template control.
H s f  g e n e s  a re  d if fe re n t ia lly  re g u la te d  d u r in g  HS re s p o n s e  in  y o u n g  a n th e r
After showing that in developing anthers of Saladette several Hsfs are expresses at higher levels, we further 
investigated how these genes are regulated in a situation of repeated cycles of mild HS conditions in 2 mm long 
anther. The results of these analyses are represented in Figures 2 and 3. At this stage of anther/pollen 
development, the A-type Hsfs was more expressed after 2 h of HS as compared to the CT samples on day 1 
(Sample B in Figure 2). The transcripts of these genes remained at high levels following 6 h of stress exposure
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(Samples C in Figure 2). Among the HsfA genes more differences in the transcriptional modulations were noticed 
during the second HS treatment on day 2. HsfA3, HsfA4a were rapidly induced in 2 mm long anther after 1 h of 
HS, while HsfA1a, HsfA8 and HsfA9 messengers were more detectable after 6 h at 36°C (Samples D, E and F in 
Figure 2). High messenger levels of this class of genes, in particular for HsfA4a, HsfA8 and HsfA9, were also 
observed till day 7 under prolonged mild HS conditions (Samples G, H in Figure 2).
Figure 2: Expression analyses of A-type Hsfs in 
2mm long anthers of Saladette after HS treatment.
(A) The pictogram shows the time course of HS 
treatments. Arrows indicate the time points when the 2 
mm long anthers were harvested (CT- I).
(B-F) qRT-PCR of HsfA1a (B), HsfA3 (C), HsfA4a 
(d), HsfA8 (E) and HsfA9 (f). Expression data were 
normalized using LeEF1 and 18S rRNA as 
housekeeping genes. The mRNA levels of the target 
genes are relative to that of the corresponding sample 
CT (value set to 1).
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In contrast with type-A Hsfs, the expression profiles of the three B-type Hsfs show remarkable differences (Figure 
3). The expression of H sfB I was rapidly increased after 1 h of HS at 36 °C on day 1. Following a HS exposure of 
2-6 h, the HsfB1 mRNA transiently declined (Samples B and C Figure 3B). A more transcriptional enrichment of 
HsfB1 was however observed during the second HS treatment on day 2 (Samples D, E in Figure 3B) and the 
transcript was still detectable after recovery periods or under prolonged HS conditions on day 7 (Samples F, G, H 
and I in Figure 3B). Similarly to HsfB1, HsfB2a was rapidly induced in 2mm long anthers following increase of 
temperatures (Sample A in Figure 3). The abundance HsfB2a transcripts remained at higher levels in HS treated 
anthers on day1 and increased during the second HS treatment on day 2 (Samples E-F in Figure 3). An 
attenuation of HsfB2a expression was only noticed under prolonged HS conditions (Samples G, H and I in Figure
3).HsfB3 exhibited a strong transcriptional activation in 2 mm long anthers under hs, as shown in Figure 3D. Its 
mRNA level considerably increased after 1-2 h of HS and remained at high levels in the following recovery period 
and during the second HS treatment on day 2 (Samples B-F of Figure 3D). Similarly to HsfB1 and HsfB2a, a 
decline to HsfB3 expression was observed after repeated cycles of HS/recovery on day 7.
F igure 3: Expression analyses of the B-type Hsfs in 2 mm long anthers of Saladette after HS treatment.
(A) The pictogram shows the time course of HS treatments. Arrows indicate the time points when the 2 mm anthers were 
harvested (CT-I). (B-D) Expression levels of HsfB1 (B), HsfB2a (C) and HsfB3 (D). The relative mRNA levels were calculated 
using LeEF1 and 18S rRNA as housekeeping genes.
98
Chapter 5
D iffe re n c e s  in  th e  e x p re s s io n  le v e ls  o f  H s fs  b e tw e e n  S a la d e tte  a n d  P u ll in  y o u n g  a n th e rs
Hsfs are important transcription factors that may be involved in hs stress tolerance of developing anther/pollen 
grains. We therefore investigated whether differences in the transcriptional levels of these genes were present 
between Saladette and Pull in 2 mm long anthers before and after HS. This stage of the development was 
chosen because pollen mother cell and meiosis are considered to be very sensitive to HS (Peet et al., 1998; Sato 
et al., 2000) and we have shown previously that HsfA2 is expressed at higher levels at this stage (Chapter 3 and
4). Figure 4 shows the results of these analyses obtained by qRT-PCR. H sfA la, HsfA4a, HsfA8 and HsfA9 were 
more expressed in response to stressful conditions in Saladette than in Pull with the exception of HsfA3. Similar 
results were also obtained for H sfBI, HsfB2a and HsfB3.
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Figure 4: Transcriptional 
analyses of Hsf genes in 
young anthers from Saladette 
and Pull at CT conditions 
(26°C\19°C day\night) and 
after 2 h of HS at 36°C.
As housekeeping genes 
LeEF1 and 18S rRNA were 
used to normalize the data. 
The comparison of HsfA2 
mRNA modulations in young 
anthers from Saladette and 
Pull were shown in Figure 5A 
of Chapter 4 .
Saladette Pull
Discussion
H s f g e n e s  d u r in g  p o lle n  d e v e lo p m e n t
Formation of fertile pollen grains inside the anther is a complex process that depends on developmental signals 
regulated by specific genes (McCormick, 2004). Environmental factors as high temperatures can also affect 
pollen development and fertility even when the high temperatures are just a few degrees above the optimum 
physiological ranges (Hall, 1992; Peet et al., 1998; Sato et al., 2000).
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Our finding indicates that specific A and B-type Hsfs genes are expressed in developing anthers/pollen grains. In 
mouse testis, Hsf1 and Hsf2 are essential during spermatogenesis process and the lack missing expression of 
the target genes of these two Hsfs can severely affect to the sperm cell morphology and fertility (Wang et al., 
2004; Akerfelt et al., 2008). Since Hsfs are a group of proteins highly conserved in all eukaryotes and are 
involved in developmental processes, e.g. in animals, they may also contribute pollen development and fertility. 
This hypothesis is supported by our data and by recent evidences showing that HsfA2 is strongly induced in the 
maturing microspores of a heat tolerant tomato (Frank et al., 2009), and a considerable improvement in pollen 
fertility under hs was observed by increasing the expression of TMS1, a gene encoding for a Hsp40 protein (Yang 
et al., 2009).
For the majority of the Hsf genes expressed in anthers, we observed differences in the messenger levels 
between mature microspores and dry pollen. This decreased level of H sf transcript abundance is likely associated 
with the fact that bi-cellular mature microspores may have almost completed the differentiation and that pollen 
grains mostly store pre-synthesized mRNAs and proteins (Twell, 1994; McCormick, 2004; Borg et al., 2009). In 
Arabidopsis a similar shift in transcript diversity has also been observed for several genes between bi-cellular and 
tri-cellular pollen stages (Honys & Twell, 2004).
H ea t s tre s s  a n d  H s f g e n e s  in  to m a to  a n th e rs
All the A and B-type H sf genes, expressed in anthers, were responsive to temperature changes in young anthers 
to some extent, and their expression patterns were different from HsfA2 (Chapter 3 and 4).
Mishra et al. (2002) demonstrated that the master regulator HsfA1a is the first component activated in tomato 
cells after sensing hs. Following the HsfA1a activation, HsfA2 and HsfB1 are strongly expressed and both 
together cooperate with HsfA1 to ensure the efficient production of Hsps, the maintenance of thermo-tolerance, 
and the restoration of the expression of housekeeping genes during the recovery period (Scharf et al., 1998; 
Mishra et al., 2002; Bharti et al., 2004). Also our data show a strong expression of HsfA2 and HsfB1 at the onset 
of HS treatment, indicating that their induction might be closely correlated as observed in vegetative tissues. In 
contrast to these genes, the increase of mRNA levels of HsfA1a is low at the beginning of the mild hs. This 
suggests that the HsfA1a protein may be activated in tomato anther after sensing hs by a phosphorylation 
process. A similar mechanism was recently proposed for the homologous gene AtHsfA1a in Arabidopsis (Liu et 
al., 2008). In 2mm long anthers, the A-type H sf genes such as HsfA3, HsfA4a, HsfA8 and HsfA9 were induced at 
the temperature of 36°C. The gradual increase of the mRNA levels suggests that they may be more important for 
the later phases of hs response. In Arabidopsis HsfA3 is not expressed under control conditions, it is significantly 
accumulated at high level after 3 h of hs and declines in early recovery phases (Schramm et al., 2008). It is 
therefore possible that in 2mm long anthers the delayed HsfA3 expression might be required for maintaining the 
acquired thermotolerance for longer periods.
We did not detect any activation of HsfA4b and HsfA5 in 2mm long anthers. These results are in 
agreement with previous analyses (Baniwal et al., 2007). In contrast, we observed hs induced expression of 
HsfA4a. Vacca et al. (2004) reported that a burst of H2O2 occurs after a short period at high temperatures, and
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this is accompanied by the induction of HsfA4a expression following an increased protection against ROS (Zhong 
et al., 1998; Davletova et al., 2005). In tomato, HsfA4a could have a similar function to protect the pollen 
grain/anther from ROS formation.
An interesting aspect of our transcriptional analyses was the finding that HsfA9 is expressed in developing 
anthers of tomato and that the expression level was increased after hs, particularly at the onset of treatment. In 
species such as Arabidopsis and sunflower, HsfA9 was indicated as the only Hsf gene involved in the 
developmental control of Hsp expression in seeds, and was not activated under stress conditions (Kotak et al., 
2007). In Arabidopsis, HsfA9 expression was only observed during embryogenesis/seed maturation, and it is 
strictly dependent on the seed-specific transcription factor ABI3 (Almoguera et al., 2002; Kotak et al., 2007). 
Prieto-Dapena et al. (2008) have found that the over-expression of the sunflower HaHsfA9 leads to increased 
basal thermo-tolerance and longevity in seeds, while its ectopic expression in vegetative tissues confers 
tolerance to the severe dehydration. More recently, the HsfA9-homologous BhHsf1 gene from resurrection plant 
(Boea hygrometrica) was characterized (Zhu et al., 2009). An increased thermo-tolerance was also found by 
ectopically expressing this gene in Arabidopsis and tobacco. This evidence suggests that HsfA9 might be strongly 
diversified in the various plant species, and may be also involved in the response to abiotic stresses. Our data 
support very well this hypothesis because HsfA9 is activated differentially with respect to Arabidopsis and 
sunflower. In contrast with these species, HsfA9 of tomato is strongly affected by temperature changes.
The function of most B-type Hsfs is still poorly understood in plant. It was shown that these genes are 
induced by hs and can function as repressor of hs gene expression (Czarnecka-Verna et al. 2000, 2004; Kumar 
et al., 2009). It is possible that the activation of HsfB2a and HsfB3 in anther of tomato may have such a function, 
but so far we have no experimental evidence.
D iffe re n c e s  in  th e  H s f g e n e s  in  h e a t to le ra n t a n d  h e a t s e n s it iv e  to m a to  lin e s
We previously found that the expression modulation of HsfA2 was not significantly different between Saladette 
and Pull during anther development or after hs conditions (Chapter 4). In the present chapter we have shown that 
HsfA1a, HsfA4a, HsfA8, HsfA9, HsfB1, HsfB2a and HsfB3 were slightly more up-regulated in 2 mm long anthers 
of Saladette than in those of Pull and, therefore, they could be responsible for some of thermo-tolerance exhibited 
by this line. These results encourage to further investigate their possible role in activating HS system in 
reproductive organs of tomato.
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Chapter 6
H ea t S tre s s  and  f r u i t  s e t
The negative impact of abiotic stresses on agricultural productivity can be reduced by the combinations of genetic 
improvement and cultivation practices. Considerable efforts have been mainly made in the area of genetic 
improvement that entails development of cultivars which are able to tolerate environmental stresses and able to 
produce high yield (Wahid et al., 2007). The adjustment and modifications in cultivation practices, such as 
planting time, density and soil and irrigations managements, are useful tools to minimize stress effects. However, 
the current variability of weather conditions and rainfall distributions, due to the global warming, considerably limit 
the use of these practices and many current efforts are focused on the identification, selection and transfer of 
superior alleles from intrinsically thermotolerant wild relatives to the new generations via conventional breeding or 
biotechnology strategies.
Plant tolerance to high temperatures is a complex phenomenon that depends on a rapid reprogramming 
in the gene expression. Consequently metabolic and proteomic adjustments occur to restore a new homeostasis 
compatible with the unfavorable environment (Larkindale & Vierling, 2008; Guy et al., 2008). Heat stress 
tolerance has often been indicated as a developmentally regulated and stage specific process due to the fact that 
at the same temperature part of the plant can exhibit tolerance and others not (Wahid et al., 2007). Therefore, the 
understanding how plants during their development respond to hs will facilitate the development of crop cultivars 
with improved tolerance throughout the plant's life cycle.
High temperature severely affects fruit set in several crops such as bean, pepper, cowpea, tomato rice 
and brassica (Warrag & Hall 1984; Monterroso & Wien 1990; Peet et al., 1998; Erickson & Markhart, 2002).
Hs abnormalities in developing flowers and, inside the flowers, in both male and female reproductive organs have 
been described in these species. However, within these reproductive processes certain stages are more sensitive 
than others (Peet et al., 1998; Sato et al., 2002). A dramatic decrease to set fruit has mainly been attributed to the 
impairment of anther and pollen development (Adbul-Baki & Stommel, 1995; Peet et al., 1998; Sato et al., 2002). 
Improvement of this trait is therefore an imperative topic for the sustainability of crop production in view of the 
predicted changes in the global temperatures.
This thesis was initiated to better understand a complex trait as tomato fruit set under hs. Here we briefly 
summarize some important aspects that were drawn from our investigations in flowers and developing anther and 
pollen grains of tomato.
T ra n s c r ip t io n a l a p p ro a c h  to  s tu d y  h s  re s p o n s e  d u r in g  f r u i t  s e t in  to m a to  c u lt iv a rs
The analysis of the natural genetic variability in tomato cultivars during fruit set at high temperature has been 
object of many investigations conducted in the last decades (Adbul-Baki & Stommel, 1995). Some physiological 
and phenotypic characteristics of certain tomato cultivars have been identified and positively associated with their 
high performance during fruit set upon hs (Firon et al., 2006; Sato et al., 2006).
Plants have both inherent ability (basal tolerance) to survive at high temperature as well as the ability to acquire 
thermotolerance to otherwise lethal conditions. Thermotolerance is observed after plants are exposed to 
acclimation, namely to temperature higher than normal, but lower than a severe stress, or after prolonged mild hs
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conditions, including recovery periods (Senthil-Kumar et al., 2007). This adaptation to high temperature is 
different among various tomato cultivars and can be used for the selection of thermotolerant lines.
A prolonged mild hs at 36°C with recovery periods was used in this study to assess the genetic variability 
of two tomato lines, cv  Saladette and Pull, heat tolerant and sensitive during fruit set, respectively (Chapter 2). 
Although the understanding of a complex trait as fruit set ability under hs needs the use of multi-disciplinary 
approaches, the analyses of transcriptional changes in contrasting cultivars is certainly a useful tool to unravel 
possible mechanisms associated to successful adaptations and possible stress tolerance. Such an approach has 
widely been used in several studies for screening crop cultivars with different stress performance (Kawasaki et 
al., 2001; Taji et al., 2004; Walia et al., 2005; Sreenivasulu et al., 2007; Qin et al., 2008).
We dissected the transcriptome of developing flowers from Saladette and Pull under prolonged mild hs at 
36°C (Chapter 2). In contrast with many studies, reporting alterations in thousands of genes upon stress, our 
results indicated that only the expression of a low number of genes in tomato is affected by these temperature 
changes in flower. This may be partly dependent on the technical limitations of the cDNA microarray approach, 
e.g. on the chip manufacture in which only a limited number of ESTs from libraries of flower, reproductive or 
stressed tissues were included. Additional limitations of the cDNA microarray analyses are also partly attributable 
to labeling and hybridization procedures, and to the use of different quality—filters to obtain high quality data (Alba 
et al., 2004). Nevertheless, we could identify gene networks involved in the global transcriptional adjustments of 
flower tissues at 36°C and tentatively we could associate some expression changes with either heat tolerance or 
sensitivity (Chapter 2).
H sp  a n d  H s f in  to m a to  a n th e r  a n d  p o lle n  g ra in  d e v e lo p m e n t
Apart from their intrinsic importance in the stress response, Hsfs and Hsps also represent an important gene 
network that is integrated in various developmental processes as demonstrated by the results obtained in this 
study and by the data of previous investigations (von Koskull-Döring et al., 2007). In various plant species 
canonical and non canonical Hsps have been widely described as key components to maintain developmental 
homeostasis in absence of stress stimuli, such as embrio and fruit maturation (Waters et al., 1996, Neta-Sharin et 
al., 2005). In pollen development and seed maturation the induction of a subset of specific Hsps has been mainly 
associated to the dessication (Volkov et al., 2005; Kotak et al., 2007a; Wehmeyer & Vierling, 2000; Dafny-Yelin et 
al., 2008). However, the induction of the Hsps seems to be required also in other aspects of plant growth. More 
recently Perez et al. 2009 have reported the expression of a non canonical Hsp, BOB1, during the normal 
partitioning and patterning of the apical domain of Arabidopsis embryo.
The results reported in this thesis show a developmental regulation of a set of small Hsps, Hsp17.4-CII 
and Hsp17.6-CII, in developing anthers and pollen grains of tomato. The expression of these genes is finely 
regulated in these organs and their transcriptional and protein accumulation is observable above all at the stage 
in which pollen mother cells are developing in tetrads (Chapter 3). At this stage the abundance of the Hsp may be 
required for the folding/refolding of the proteins, involved in meiosis and microspores development as suggested 
by previous investigations (Bouchard, 1990; Atkinson e t al., 1993; Reynolds, 1997; McCormick, 2004). It is also
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possible that this accumulation may be an important strategy for a rapid protection of the developing pollen 
against sudden environmental stress.
The transcriptional control of the Hsps during plant development is still under debate. Some aspects of their 
activation have been elucidated in Arabidopsis and sunflower, where HsfA9 has been indicated as the 
transcriptional activator of Hsps involved in seed maturation and embryogenesis (Kotak et al., 2007b). Our finding 
indicates that a plethora of Hsf genes is transcriptionally induced in developing anthers/pollen grains of tomato, 
together with HsfA2 and the small Hsps belonging to Hsp17-CII class (Chapter 3 and 5). Although we do not have 
any direct experimental evidence, the presence of HsfA2 in these organs suggests that this gene may be required 
for the transcriptional activation of the Hsps.
Which factors are responsible for the induction of Hsfs in developing anthers/pollen grains? The current 
knowledge on this matter is still very poor. However, the HsfA9 activation induced by the seed-specific 
transcriptional factor ABI3, offers an important example of how endogenous stimuli can mediate Hsf activation in 
plant developmental programs (Almoguera et al., 2002; Kotak et al., 2007b). We did not investigate the possible 
mechanism to induce HsfA2 or other Hsfs in anthers/pollen grains of tomato, but we speculate that activations of 
Hsf genes in these organs may depend on specific developmental factors.
Unraveling the up-stream regulatory pathways of Hsf activation in these organs is undoubtedly an interesting 
topic that needs further investigations.
H s fA 2  a n d  H sp17-C II in  to m a to  f lo w e r  u n d e r hs
A primary role has been assigned to the Hsfs and Hsp genes in the hs adaptive mechanisms on the basis of the 
high conservation of this molecular machinery, from archaebacteria to mammals and plants (Baniwal et al., 2004; 
Prahlad & Morimoto, 2008). The simple comparison of mammalian and plant thermotolerant cells, however, offers 
a striking example of how the Hsf/Hsp machinery can be diversified and specialized between different living 
organisms and even more in the same organism within different organs.
In mammalian thermotolerant cells it has been observed that the accumulation of certain Hsps is 
attenuated after hs because they can be toxic when present within cells for a prolonged time (Hatayama et al., 
1993; Theodorakis et al., 1999). An unusual mechanism of Hsf/Hsp activation has also been reported in mouse 
testis during spermatogenesis to protect germ cell against thermal insults. After hs, a constitutive active form of 
Hsf1 induces cell death by apoptosis and inhibits spermatogenesis (Nakai et al., 2000; Wildlak et al., 2007). It 
was suggested that this mechanism is activated because the germ cells, exposed to thermal stress, must be 
actively eliminated to avoid that they can be passed on to the next generation.
In contrast with these observations, the analysis of plant mutants and transgenic lines has widely demonstrated 
that thermotolerant cells are primarily cells able to accumulate high levels of Hsf/Hsp even when exposed to 
prolonged hs conditions (Sun et al., 2002; Senthil-Kumar et al., 2007; von Koskull-Döring et al., 2007). 
Furthermore, a higher expression of Hsps and Hsfs has been often observed in thermotolerant lines under hs 
(Krisknan et al., 1989; Wang & Luthe, 2003; Ahn et al., 2004; Senthil-kumar et al. 2007).
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As key regulator in the induction of defense and stress response system, HsfA2 is especially required for 
sustaining the Hsps expression and for extending the duration of hs tolerance, particularly when plants are 
exposed to prolonged hs conditions (Nishizawa et al., 2006; Schramm et al., 2006; Charng et al., 2007; Frank et 
al., 2009; Meiri & Breiman, 2009). We could not conclusively demonstrate in this thesis the implication of HsfA2 in 
the thermotolerance mechanisms of anther/pollen grains by comparing gene expression levels in the two tomato 
lines Saladette and Pull (Chapters 3 and 4). HsfA2 transcript accumulation was in fact higher in Saladette flowers 
than in Pull, but we did not detect these differences in developing anthers and microspores (Chapter 2 and 4). 
This may be dependent on the different samples used in the microarray analyses and in the following 
investigations. In the former we used total flower (sepal+petal+pistil+anther) and in the latter only the anthers. 
Although HsfA2 was more abundantly transcribed in Pull than in Saladette during anther development, we could 
not detect any relevant dissimilarity in the protein levels between the two lines. In addition at normal conditions 
Hsp17-CII proteins were more highly accumulated in the developing anther of the heat tolerant line than in the 
sensitive one. These discrepancies between transcript and protein levels suggest that post-transcriptional 
regulation may be important to establish thermotolerance in anther or pollen grains, as shown in vegetative 
tissues by several investigations (Floris et al., 2009). The high stability of HsfA2 protein has been reported in 
previous studies (Scharf et al., 1998). Port et al. (2004) have also indicated that the HsfA2 recruitment in hs 
granules of tomato cells is dependent on Hsp17.4-CII protein interaction. Therefore the high accumulation of 
Hsp17-CII protein may also suggest that in the thermotolerant Saladette HsfA2 may be stabilized in a 
transcriptional inactive form by the interaction with soluble Hsp17.4-CII and kept competent for a rapid activation. 
So far we do not have this kind of evidence and we do not know if different mechanisms to store/release HsfA2 
can act in these two lines. Investigations in this direction certainly represent new interesting aspects that need 
further examinations.
H s fs  a re  a c tiv a te d  d u r in g  hs  re s p o n s e  o f  a n th e r
Many Hsfs involved in the hs system are present in young anthers and are induced by high temperature at 
different time points, probably activating one another. The induction of HsfA2 is the fastest, only within one hour 
from hs, whereas other Hsfs are induced later (Chapter 3 and 5). Probably HsfA2 is required to switch on the hs 
system and the others to maintain it. Although thermotolerance is a complex trait some levels of benefit against 
hs have been associated with the increased expression of Hsfs, and their target genes (Sun et al., 2002; Baniwal 
et al., 2004; Senthil-Kumar et al., 2007; von Koskull-Döring et al., 2007). Therefore, the high level of some Hsfs 
genes found in Saladette in young anthers after hs could be responsible for some thermotolerance exhibited by 
this line. The results obtained in this thesis encourage to further study their possible role in activating hs system in 
developing anther and pollen grains. However, a caveat should be kept in mind and that is; in Chapter 4 we did 
not find a correspondence between mRNA and protein levels of HsfA2/Hsp17-CII both in Saladette and Pull. We 
do not know at this moment if higher levels of Hsfs transcripts in Saladette result in higher levels of the proteins, 
which ultimately are the real activators of hs system.
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F ru it  s e t a b ility : a c o m p le x  p o ly m o rp h ic  t r a it  to  d is s e c t
The differences in fruit set ability between Saladette and Pull were more pronounced under field conditions than 
in growth chambers. It is possible that the combination of high temperatures with the other environmental factors, 
e.g. changes in light conditions, may have an effect on the anthers/pollen development and fruit set. Therefore, 
field condition can considerably differ from the growth chamber conditions, where we maintained our plants for 
the experiments (CT: 26°C\19°C day\night; HS: 36°C\ 26°C day\night and constant light\dark conditions). The 
evaluation of the heat tolerance in Saladette was deduced on the basis of fruit set and this screening was 
conducted in plastic tunnels in two summer periods under high temperatures in the ranges of 43-45°C. Fruit set 
ability was purely evaluated as agronomic trait and, based on previous investigations, calculated as the 
percentage of fruit produced on all inflorescences per genotype (Adbul-Baki & Stommel, 1995).
This agronomic trait is therefore the resultant of a complex process dependent not only on pollen 
performance, but also on the successful completion of pollination and fertilization and is strictly regulated by 
hormonal balance and signaling pathways from the ovary (Gillaspy et al., 1993; de Jong et al., 2009). 
Additionally, the successful fruit set is also affected by pollen-pistil interactions (Sanchez et al., 2004; Verhoeven 
et al., 2005). Indeed, the composition of exudate present on stigma tissues affects the rate of pollen germination 
and pollen tube growth. Therefore, in addition to the studies on pollen performance, a clear understanding of the 
high fruit set ability in tolerant lines requires a careful analysis also of factors like those mentioned above.
C o n c lu s io n s
The complexity of hs response has been object of many investigations. Recently, genomic assisted profiling 
methods have considerably helped to the understanding of the complexity of regulatory signaling and perceptions 
networks that control stress response.
Here we have examined some important aspects involved in the hs response in flower tissues of tomato 
and in the expression modulation of Hsf/ Hsp in anther/pollen grains. It was evident from many studies that the 
high polymorphism of Hsf/Hsp genes is not purely redundancy, but an essential molecular machinery that allows 
a highly flexible and efficient response to rapid changes in environmental conditions that accompany the sessile 
life style of the plants. Besides the hs regulation, the transcript profiles of the Hsfs monitored in developing 
anthers/pollen grains of tomato considerably increased our understanding on this important gene network.
Although our knowledge in this area is still in its infancy, Hsfs and Hsps represent an attractive system in 
which to dissect the fundamental aspects of regulation and function, and further investigate how the plant 
developmental signals are or not linked to the stress stimuli. To unravel Hsf and Hsp roles in the developmental 
program of pollen grains is undoubtedly an important step that will considerably help future breeding strategies 
and the production of tomato cultivars with improved fruit set and, in turn, enhanced yield stability under hs 
conditions.
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Exposure to environmental stresses such as high temperature can severely reduce the productivity of tomato plants 
grown under field conditions. Decreased fruit set has been associated with several alterations in the morphology of the 
tomato flower and with the impairment of anther and pollen development. The failure of tomato fruit setting at non­
permissive temperatures has been carefully studied at the morphological, physiological and biochemical level, but a 
comprehensive description of the gene network involved in this response was still lacking.
The present thesis was initiated to define sets of genes involved in the response to high temperatures during the 
transition from flower to fruit in tomato plants and to identify genes that may be associated to the thermotolerance 
mechanisms during fruit set. Different molecular strategies were used for this purpose.
In Chapter 2 we have provided a global view of the expression changes occurring in the developing flowers of 
tomato following exposure to prolonged conditions of high temperatures. Using the combination of TOM1 cDNA 
microarray and qRT-PCR, transcriptional adjustments involved in the so called "heat stress” (hs) response were 
identified in two tomato lines, differing in their ability to set fruit at high temperatures. Classical genes involved in the hs 
response such as those encoding for peroxidase and Hsps and genes related to hormone or carbohydrate metabolism, 
photosynthesis, abiotic stress response and protein biosynthesis/degradation were activated in the flower tissues of 
tomato. Most of these transcriptional adjustments were similar in both lines. The high fruit set ability of the heat tolerant 
line was putatively associated to the higher expression of hs genes such as HsfA2 and Hsp17.4-CII.
In Chapter 3 we further investigated the function of these two prominent members of hs system of plant cells by 
analyzing their expression in developing anther/pollen grains of the heat tolerant line. Using semi-quantitative, real-time 
PCR, in situ RNA localization and western blotting analyses HsfA2 and Hsp17-CII were found to be finely regulated 
during anther development and further induced under both short and prolonged heat stress conditions. These data 
suggested that HsfA2 is directly involved in the activation of protection mechanisms in the tomato anthers during hs and, 
thereby, could contribute to tomato fruit set under adverse temperatures.
In Chapter 4 we extended our analyses by examining HsfA2 and the Hsp17.4-CII expression in the heat 
sensitive tomato line. We did not notice significant differences in the expression patterns of HsfA2 and Hsp17-CII 
between the two lines at normal conditions or under temperature changes. These results suggested that in these two 
tomato lines HsfA2 and Hsp17.4-CII were not directly implicated in the differential thermotolerance of the anther/pollen 
grains.
In Chapter 5 we undertook a transcriptional approach to ascertain whether another H sf than HsfA2 could 
account for differences in thermotolerance between the two tomato lines. Using semi-quantitative and qRT-PCR, we 
have identified Hsf members HsfA1a, HsfA3, HsfA4a, HsfA8, HsfA9, HsfB1, HsfB2a and HsfB3 as genes regulated 
during anther/microspore development in tomato. The transcriptional levels of these H sf genes were increased under 
high temperatures in anthers. Several differences in the expression levels were found between heat tolerant and heat 
sensitive lines, encouraging further investigation into the possible roles of the respective Hsf genes in thermotolerance 
during anther/pollen development.
In Chapter 6 we concluded our study by discussing the different aspects of our results and the Hsf/Hsp function 
in the thermotolerance mechanisms in anther and pollen grains and, in turn, during tomato fruit set.
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Samenvatting
Blootstelling aan ongunstige omgevingsfactoren, zoals een hoge temperatuur, heeft een sterk negatief effect op de 
opbrengst van tomaten planten. Verminderde vruchtzetting wordt in verband gebracht met veranderingen in de 
bloemmorfologie en abnormale ontwikkeling van de helmknoppen en stuifmeelkorrels. Dit fenomeen is al in detail 
onderzocht op morfologisch, fysiologisch en biochemisch vlak, maar er is nog geen uitgebreide beschrijving van het 
genetisch netwerk dat betrokken is bij de respons van tomaten planten op hitte tijdens de vruchtzetting.
Het onderzoek in dit proefschrift had als doel om de groepen van genen te definiëren die betrokken zijn bij de respons 
van tomaten planten op hoge temperaturen tijdens de transitie van bloemen naar vruchten en genen te identificeren die 
een rol spelen bij het mechanisme van thermotolerantie gedurende dit proces. Hiertoe zijn verschillende moleculaire 
technieken aangewend.
In hoofdstuk 2 is een globaal overzicht gegenereerd van alle veranderingen in de expressie van genen die 
optreden in de ontwikkelende bloemen als gevolg van langdurige blootstelling aan hoge temperaturen. Met behulp van 
de TOM1 microarray en de qRT-PCR techniek werden aanpassingen in de genexpressie die te maken hebben met de 
zogenaamde hitte schok (hs) respons onderzocht in twee tomaten variëteiten die van elkaar verschillen in de potentie 
om vruchten te vormen bij hoge temperatuur. Klassieke hs genen, zoals die voor peroxidase en Hsps en genen 
gerelateerd aan hormoon en koolhydraat metabolisme, fotosynthese, abiotische stress responsen en eiwit 
biosynthese/degradatie werden geactiveerd in de tomatenbloemen. Het grootste deel van de waargenomen 
veranderingen was vrijwel gelijk in beide variëteiten. De vaardigheid van de thermotolerante variëteit om vruchten te 
blijven vormen was wellicht te danken aan een hogere expressie van hs genen zoals HsfA2 en HSp17.4-CII.
In hoofdstuk 3 zijn deze twee prominente componenten van het hs systeem van plantencellen nader 
onderzocht door hun expressie gedurende de ontwikkeling van de helmknoppen en stuifmeelkorrels in de hitte tolerante 
tomatenvariëteit te bestuderen met behulp van semi-kwantitatieve en kwantitatieve PCR, in situ RNA localisatie en 
western blotting. HsfA2 en Hsp17-CII bleken nauwkeurig gereguleerd te worden gedurende helmknopontwikkeling en te 
worden geïnduceerd door blootstelling aan kortdurende en langdurige hitte. Dit doet vermoeden dat HsfA2 direkt 
betrokken is bij de activering van beschermingsmechanismen in de helmknoppen tijdens de hs en op die manier 
bijdraagt aan vruchtzetting bij de ongunstige temperaturen.
In hoofdstuk 4 werd deze analyse verder uitgebreid door ook te kijken naar de expressie van HsfA2 en 
Hsp17.4-CII in de hittegevoelige variëteit. Er werden geen verschillen tussen de twee variëteiten gevonden wat betreft 
de expressiepatronen van HsfA2 en Hsp17-CII bij normale temperatuur en in reaktie op hoge temperatuur. Deze 
resutaten suggereerden dat in de twee onderzochte variëteiten HsfA2 en Hsp17.4-CII niet aan de basis liggen van het 
verschil in thermotolerantie van de helmknoppen en het stuifmeel.
In hoofdstuk 5 is een transcriptionele studie beschreven die als doel had om te beoordelen of H sf genen anders 
dan HsfA2 ten grondslag zouden kunnen liggen aan het verschil in thermotolerantie tussen de twee tomatenvariëteiten. 
Met behulp van semi-kwantitatieve PCR en qRT-PCR werd vastgesteld dat expressie van HsfA1a, HsfA3, HsfA8, HsfA9, 
HsfB1, HsfB2a en HsfB3 gereguleerd werd tijdens helmknop/stuifmeel ontwikkeling in tomaat. Bovendien werd de 
expressie van deze Hsf genen in jonge helmknoppen verhoogd door hitte. Voor enkele Hsf genen werden verschillen in
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expressiepatronen gevonden tussen de hittetolerante en hittegevoelige variëteit, hetgeen een interessant uitgangspunt 
vormt voor vervolgonderzoek.
In hoofdstuk 6 hebben we de studie afgerond met een discussie van onze resultaten in het kader van de functie 
van H sf en Hsp genen in thermotolerantie mechanismen in de helmknoppen en stuifmeelkorrels, en dus in vruchtzetting 
van tomaat.
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Riassunto
L'esposizione a condizioni ambientali di crescita non ottimali come alte temperature può drasticamente ridurre la 
produttività delle piante di pomodoro in campo. In condizioni di alte temperature, la decrementata capacità di produrre 
frutto (allegagione) è stata associata soprattutto a danni arrecati nella morfologia del fiore e nello sviluppo dell'antera e 
del polline. L'abbassamento dell'allegagione in pomodoro è stato attentamente analizzato a livello morfologico, 
fisiologico e biochimico, mentre i geni coinvolti in questo processo sono stati poco caratterizzati.
L'obiettivo principale della presente tesi è stato l'identificazione di geni coinvolti nella risposta alle alte temperature 
durante la transizione da fiore a frutto in pomodoro e la selezione di geni associati ai meccanismi di termotolleranza 
durante l'allegagione. A questo fine differenti strategie molecolari sono state utilizzate.
Nel Capitolo 2 sono stati descritti i cambiamenti di espressione genica che avvengono durante lo sviluppo del 
fiore di pomodoro in risposta a una prolungata esposizione ad alte temperature. I cambiamenti di espressione genica, 
coinvolti nella cosidetta risposta "heat stress”, sono stati studiati utilizzando il microarray a cDNA TOM1 di pomodoro e la 
tecnica PCR real time quantitativa. Le variazioni trascrizionali sono state esamite in due linee di pomodoro, selezionate 
come termotollerante e sensibile alle alte temperature durante l'allegagione. Geni notoriamente coinvolti nella risposta 
alle alte temperature sono stati identificati come geni similmente regolati nei tessuti fiorali delle due linee di pomodoro. 
Questi geni codificano per proteine come perossidasi, Hsps, proteine coinvolte metabolismo degli ormoni e dei 
carboidrati, nella fotosintesi, nella risposta a condizioni ambientali sfavorevoli, nella biosintesi e degradazione delle 
proteine. L'alta capacità di produrre frutto nella linea termotollerante è stata soprattutto associata ad più alto livello di 
expressione per geni codificanti il fattore di trascrizione HsfA2 and la proteina Hsp17.4-CII.
Nel Capitolo 3 è stata esaminata la funzione di questi due geni durante lo sviluppo dell'antera e del polline nella 
linea di pomodoro termotollerante. L'analisi di espressione è stata effettuata usando tecniche di PCRs semi-quantitativa 
e real time quantitativa, la tecnica di localizzatione tissutale in situ RNA e l'analisi di proteine mediante western blotting. 
HsfA2 e Hsp17.4-CII sono regolati finemente durante lo sviluppo dell'antera e espressi ad alti livelli in risposta a brevi o 
lunghi perodi di alte temperature. I dati ottenuti hanno suggerito che HsfA2 potrebbe essere direttamente coinvolto nel 
sistema di protezione dei tessuti dell'antera durante la risposta allo stress termico e, pertanto, contribuire all'allegagione 
di pomodoro in condizioni di temperature sfavorevoli.
Nel Capitolo 4 è stata analizzato l'espressione di HsfA2 and Hsp 17.4-CII nella linea di pomodoro sensibile allo 
stress termico. Non sono state riscontrate differenze significative nei profili di espressione di HsfA2 and Hsp17.4-CII tra 
le due linee di pomodoro. Questi risultati hanno suggerito che HsfA2 and Hsp17.4-CII non sono direttamente coinvolti 
nella termotolleranza dell'antera e del polline in queste due linee di pomodoro.
Nel Capitolo 5 sono state estese le analisi espressione ad altri fattori di trascrizione Hsfs allo scopo di verificare 
se altri geni appartenenti a questa famiglia genica fossero implicati nei meccanismi di termotolleranza. Usando le 
tecniche di PCRs semi-quantitativa e real time quantitativa diversi membri della famiglia Hsf sono stati identificati come 
geni espressi durante lo sviluppo dell'antera e del polline di pomodoro. Questi geni sono HsfA1a, HsfA3, HsfA4a, HsfA8, 
HsfA9, HsfB1, HsfB2a e HsfB3. I livelli di trascrizione di questi Hsfs sono elevati in risposta allo stress termico in antera. 
Differenze nei livelli di espressione sono state ritrovate fra la linea tollerante e sensibile. Queste differenze incoraggiano
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ad analizzare ulteriormente il possibile ruolo che svolgono questi geni nei meccanismi di termotolleranza dell'antera e 
del polline in sviluppo.
Nel Capitolo 6 sono stati discussi i risultati dello studio condotto, la funzione degli Hsf/Hps nella termotolleranza 
in antera/polline in sviluppo e durante l'allegagione del pomodoro.
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